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ABSTRACT

Yookongkaew, Nimnara. Ph.D., Purdue University, December 2013. Functional
Characterization of Metallothioneins in Arabidopsis and Barley. Major Professor:
Peter Goldsbrough.

Metalothioneins (MTs) are metal binding proteins that can bind metals such as
Cu, Zn, and Cd but the functions of MTs in plants are largely unknown. To understand
the function of MTs in Arabidopsis, T-DNA insertion mutants lacking 4 MT genes
including MT1a, MT2a, MT2b and MT3 were developed. The quadruple mutant
(mt1a/mt2a/mt2b/mt3) showed no visible phenotype under standard growth conditions.
However, it accumulated higher Cu in leaves compared to wild type but lower Cu in
seeds. Further analysis showed that triple mutants lacking both MT1a and MT2b, which
are highly expressed in vascular tissues, had similar dramatic changes in Cu
accumulation in leaves and seeds, suggesting that MTs expressed in vasculature are
critical for metal distribution in leaf and seed tissues.
In wild type leaves, the concentration of Cu declined as the leaves began to
senescence whereas Cu increased in the quadruple mutant. Experiments with stable
isotopes of Cu showed no difference in the rate of Cu uptake between wild type and
quadruple mutant plants. Therefore, high accumulation of Cu in the quadruple mutant
leaves is likely due to reduced remobilization of Cu out of leaves. Increased Cu
accumulation in leaves of the quadruple mutant was also accompanied by altered RNA
expression of several genes involved in Cu homeostasis including FSD1, CSD1, COPT2,
YSL2, and HMA5.
Although MTs are important for mobilization of Cu out of senescing leaves, this
does not make a major contribution to the Cu that accumulates in seeds. Experiments

xx
with stable isotopes of Cu showed that most Cu in seeds was uploaded directly from the
nutrient solution. Inflorescence grafting experiments demonstrated that MTs are involved
in the short range Cu translocation from maternal tissues into developing seeds but not in
the long distance transport from leaves and roots. Thus, the high accumulation of Cu in
leaves and low accumulation in seeds in MT-deficient plants are independent processes.
The Arabidopsis quadruple mutant was sensitive to Cu deficiency with reduced
root growth and interveinal chlorosis in mature rosette leaves. The sensitivity to Cu
deficiency was even more severe when plants were grown under high light conditions.
Under conditions of reduced Cu availability, the quadruple mutant still accumulated more
Cu in shoots than WT plants. The leaf phenotype did not appear in any of single gene MT
mutants, indicating that MTs have redundant functions. The triple mutants lacking both
MT2a and MT2b showed leaf chlorosis similar to the quadruple mutant, suggesting these
MT genes are important for this phenotype. Analysis of genes that are involved in Cu
homeostasis including FRO5, YSL2 and YSL3 showed that the quadruple mutant plants
were less sensitive to Cu deficiency in roots and had low availability of Cu for
remobilization in shoots compared to WT plants. Withdrawing Cu supply during
reproductive stage also caused severe effects on flower and seed development in the
quadruple mutant.
In barley, I identified 9 barley MT genes from EST databases. Study of RNA
expression demonstrated that MT gene expression is tissue specific. When barley plants
were grown under various concentration of Cu and Zn, MT2a, MT2b and MT3 were upregulated in roots under high Cu and MT1c was up-regulated under high Zn, indicating
the connection between MTs and metal homeostasis. Virus induced gene silencing
(VIGS) was used to study the function of MT1a in barley; however, the virus could not
silence the expression of this gene. Further investigation on the stability of the MT RNA
fragment in the VIGS virus will be necessary.
Taken together, MTs play critical roles in Cu homeostasis, especially Cu
accumulation in leaves and seeds. These data will provide a better understanding of how
plants maintain metal homeostasis in their organs.

1

CHAPTER 1.
LITERATURE REVIEW

1.1. Plant essential mineral nutrients
Not all elements are essential for plants. An essential element is defined as a
component required for structure or metabolism within a plant or whose absence causes
severe abnormalities in plant growth, development, or reproduction (Arnon and Stout,
1939; Epstein and Bloom, 2005). Hydrogen, carbon and oxygen are not considered
mineral nutrients because they are obtained primarily from water or carbon dioxide.
Essential mineral elements are usually divided into macronutrients and micronutrients,
according to their relative abundance in plant tissues. Macronutirents are found in higher
concentrations

than

micronutrients.

The

following

elements

are

defined

as

macronutrients: N, K, Ca, Mg, P, S, Si. The micronutrients are Cl, Fe, B, Mn, Na, Zn, Cu,
Ni, Mo. However, some researchers have argued that a classification into macronutrients
and micronutrients is somewhat arbitrary. For example, the concentration of Fe and Mn
in leaf tissue is sometimes as high as the concentration of S or Mg. Mengel et al. (2001)
have classified essential elements according to their biochemical and physiological
functions, in which essential nutrients are divided into four groups:
1. The first group is nitrogen and sulfur, which can be incorporated into carbon
compounds. Plants assimilate these nutrients via biochemical reactions to
create organic compounds.
2. The second group is important in energy storage reactions and for structural
integrity. Elements in this group are P, Si and B, which are often present in
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plant tissues as phosphate, borate and silicate esters in which the elemental group is
covalently bound to an organic molecule.
3. The third group consists of K, Ca, Mg, Cl, Mn and Na. These elements are
present in plant tissues as free ions dissolved in water or ions electrostatically
bound to substrates. The major roles of these elements are as enzyme
cofactors or regulators of osmotic potential.
4. The fourth group is composed of metals involved in redox reactions and
includes Fe, Zn, Cu, Ni and Mo.
The transition metals copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn) are
responsible for several biological processes. Zn exists in a cell only as Zn2+; however,
Cu, Fe and Mn can be in different redox states and can therefore play important roles in
electron transfer reactions. For instance, Cu can adopt both cuprous (+1) and cupric (+2)
oxidation states under physiologically relevant conditions. Because of their redox
potential, Cu, Fe and Mn can catalyze the formation of undesirable radicals in the cells.
The Irving-Williams series shows that the relative binding affinities of the divalent forms
of these metals for ligands is Mn < Fe < Zn < Cu. Therefore Cu can potentially replace
other metals in binding sites of proteins with higher affinity than Zn, Fe and Mn,
respectively (Pilon et al., 2009). To avoid nonspecific redox reactions of transition metals
in the cells, plants have developed sophisticated homeostasis system to tightly control the
availability and distribution of these metals.
1.2. Copper bioavailability
The concentration of Cu in plants varies among species, developmental stages and
environmental factors. Cu concentration in plants ranges from 2 to 50 µg.g-1 DW (ppm)
with 6 µg.g-1 DW considered the optimal level in shoots (Epstein and Bloom, 2005).
Plants will show deficiency symptoms when the Cu concentration falls below 5 µg.g-1
DW in vegetative tissues; in contrast, toxicity symptoms will occur at 20 µg.g-1 DW or
higher in the same tissue (Marschner, 1995). Although the concentrations can differ

3
among plant species, Cu concentrations in cells need to be maintained at low levels to
prevent toxicity due to its redox properties.
In the soil Cu is mainly associated with inorganic and organic compounds by
complexation or absorption in the soil solution and solid phase. Cu ions can be absorbed
onto the surface of clays as well as other binding sites of soil components, and can be
also bound to the cell walls and the outer surface of plant root cells. The distribution of
Cu among these various solid phases and plant tissues can greatly affect the availability
of Cu to plants. Moreover, free Cu ions will be more available under acidic conditions. At
acidic pH, Cu ions are prone to dissolve into the soil solution rather than remain absorbed
to the soil particles, thus enhancing the uptake of free Cu by plants (Carrillo‐González et
al., 2006).
1.3. Copper function in plants
Cu is required in at least six locations in the plant cell: cytosol, endoplasmic
reticulum, mitochondrial inner membrane, chloroplast stroma, thylakoid lumen and
apoplast (Marschner, 1995). The size of the Cu proteome is relatively small compared to
those for other metals such as Zn and Fe. In Arabiodopsis, the Cu metalloproteome is
estimated at more than 200 proteins, the majority of which are of unknown function
(Andreini et al., 2008). Plastocyanin is the most abundant Cu protein in vascular plants
and contains more than half of the chloroplast-localized Cu (Marschner, 1995).
Plastocyanin functions as an electron carrier between membrane-bound cytochrome b6f
complex and photosystem I (PSI) in the thylakoid lumen (Raven et al., 1999). Cu/Zn
superoxide dismutases in cytosol (CSD1), chloroplast (CSD2), and peroxisome (CSD3)
are also highly abundant. Superoxide dismutases catalyze the dismutation of superoxide
radicals to molecular oxygen and hydrogen peroxide (Beyer et al., 1991). Owing to its
ability to bind small molecules such as oxygen as ligands, Cu is a cofactor in a large
number of oxidases. The best-known oxidase is cytochrome c oxidase in mitochondria,
which is required for mitochondrial electron transport (Carr and Winge, 2003). Other Curequiring oxidases are amine oxidase and laccase, which are involved in lignification,
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cross-linking of cell walls and programmed cell death (Gavnholt and Larsen, 2002;
Paschalidis and Roubelakis-Angelakis, 2005), and ascorbate oxidase in apoplast, which
has been proposed to function in cell expansion and salt tolerance (Pignocchi et al., 2003;
Yamamoto et al., 2005). The ethylene receptor ETR1 in the endoplasmic reticulum is also
dependent on Cu+ for its activity (Rodríguez et al., 1999). Cu may be indirectly involved
in nitrogen assimilation and abscisic acid biosynthesis, which are functions of
molybdenum (Mo)-requiring enzymes. A Cu ion temporarily occupies the site for Mo
cofactor insertion in the enzymes (Kuper et al., 2004).
1.4. Copper uptake, transport and distribution in plants
1.4.1. Cu uptake in roots
In the last decade, it has been firmly established that the transporter proteins
involved in Cu transport into the cytosol of root cells are members of the COPT-family of
membrane transporters that belong to the conserved Ctr family (Sancenon et al., 2003;
Sancenon et al., 2004). The Arabidopsis genome contains six COPT members. Some of
these proteins are localized to the plasma membrane and other members are active in the
internal membranes. The first one, COPT1 is highly expressed in embryos, trichomes,
stomata, pollen and root tips (Sancenon et al., 2004). COPT1 is a plasma membrane
protein that has high affinity for Cu+ (Sancenon et al., 2003). COPT1 antisense plants that
are deficient in COPT1 have decreased Cu uptake and show sensitivity to Cu chelators.
Therefore, COPT1 is likely to function in root Cu acquisition and accumulation
(Sancenon et al., 2004).
Although COPT proteins transport Cu in the Cu+ form, the most available form in
soils is Cu2+. Thus, reduction of Cu will be necessary for root uptake. It has been reported
that the Arabidopsis root cell surface ferric reductase, FRO3, may facilitate Cu uptake.
FRO3 is highly expressed in roots and in the vasculature, and FRO3 is induced by both
Fe and Cu deficiency (Mukherjee et al., 2006). In addition, experiments in Arabidopsis
have shown that high-affinity root Cu uptake requires FRO4/FRO5-dependent reduction
of Cu2+ to Cu+ (Bernal et al., 2012). Cu2+ can also be taken up into roots via ZIP2 and
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ZIP4 transporters. The ZIP proteins belong to a large family of divalent metal
transporters and generally transport cations into the cytoplasm. ZIP2 is highly expressed
in roots, while ZIP4 is highly expressed in leaves. Expression of Arabidopsis ZIP2 and
ZIP4 is up-regulated by Cu and Zn deficiency (Wintz et al., 2003).
1.4.2. Root to shoot transport
In order to move to shoot organs, Cu must be exported out of root symplast and
enter the vasculature. Loading of Cu to the vascular system likely requires the action of
the HMA5 transporter (Andres-Colas et al., 2006). HMA5 belongs to the heavy metaltransporting P-type ATPase family. The Arabidopsis genome encodes eight HMA
members (Baxter et al., 2003). HMA5 is primarily expressed in roots, and is strongly
induced by Cu in whole plants. Arabidopsis T-DNA insertion mutants, hma5-1 and
hma5-2, are hypersensitive to Cu and accumulate much more Cu in roots than wild type
plants under Cu excess. The phenotype of hma5 is the opposite of that observed in
COPT1 antisense lines, supporting the idea that HMA5 and COPT1 transport Cu in the
opposite directions. Since HMA5 facilitates Cu export out of the cell, a role in Cu
detoxification has also been proposed (Andres-Colas et al., 2006).
Long distance transport of Cu in the vascular system from root to shoot may involve
chelators such as nicotianamine (NA). Nicotianamine is a methionine-derived compound
present in shoots and roots at concentrations ranging between 20 and 500 nmol per gram
fresh weight, indicating that there is sufficient NA for it to function as a major metal
chelator throughout the plant (Stephan et al., 1990). Depletion of NA in tobacco by
overexpression of barley nicotianamine aminotransferase causes interveinal chlorosis in
young leaves and abnormal flowers, and reduces accumulation of Cu, Fe and Zn in leaves
and floral organs. This evidence supports the role of NA in long distance transport of
metals (Takahashi et al., 2003).
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1.4.3. Copper distribution in leaves and reproductive organs
Cu is not effectively remobilized from older leaves to younger leaves. Thus,
younger leaves and stems are more prone to Cu deficiency than mature leaves
(Marschner, 1995). In Arabidopsis, there is evidence that some metals that accumulate in
reproductive organs, including Cu, are mobilized from vegetative tissues (Himelblau and
Amasino, 2001; Waters and Grusak, 2008). If there is an abundant metal supply from the
root system, continued uptake during seed development is likely to occur so that mineral
remobilization from Arabidopsis leaves is not absolutely required (Waters and Grusak,
2008).
Redistribution of mineral nutrients between tissues is thought to involve YSL
transporters (Briat et al., 2007). The yellow stripe-like (YSL) transporters belong to the
oligopeptide transporter (OPT) superfamily (Curie et al., 2009). Several lines of evidence
also indicate that YSLs are likely to transport minerals to reproductive organs as metalNA complexes, possibly through phloem. In Arabidopsis, YSL2 transports Fe and CuNA complexes. YSL2 is expressed in many cell types in both roots and shoots, suggesting
that YSL2 may function in the lateral movement of metals in the vasculature (DiDonato
et al., 2004). A role for YSL transporters in metal remobilization and loading into seeds
has been proposed for Arabidopsis YSL1 and YSL3. YSL1 and YSL3 transcripts are very
abundant in senescent leaves. The ysl1/ysl3 double knockout mutant exhibits Fe
deficiency symptoms and has altered concentrations of Fe, Zn, Cu and Mo in leaves and
seeds. The double mutant is impaired in Cu remobilization from senescent leaves to
seeds, resulting in defective anther and embryo development (Walker et al., 2006; Walker
et al., 2010). A recent study of YSL16 in rice indicates a similar function. YSL16 is
expressed in the phloem of nodes and vascular tissues of the leaves. Knockout of rice
YSL16 results in higher Cu concentration in older leaves and a lower concentration in the
younger leaves. At the reproductive stage, Cu accumulates more in the flag leaf and husk,
but less in the rice seed, indicating a role for YSL16 in delivering Cu to young tissues and
seeds. (Zheng et al., 2012).
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1.4.4. Copper delivery inside plant cells
Cu entry into cytosol
Cu likely enters the cytosol via COPT transporters. Arabidopsis COPT1 is a
plasmamembrane protein that functions in root acquisition and pollen development
(Sancenon et al., 2004; Andres-Colas et al., 2010). The second member, COPT2 is also
able to complement the respiratory defects of a yeast ctr1Δctr3Δ mutant, and its transcript
is induced by low Cu conditions (Sancenon et al., 2003). COPT2 is a cell surface Cu
transporter expressed in roots, young leaves, cotyledons, apical meristem, trichomes and
anthers (Perea-Garcia et al., 2013). Another member of this gene family, COPT6, has
been studied recently. AtCOPT6 can complement the ctr1∆ctr2∆ctr3∆ yeast strain, which
is defective in Cu uptake at the plasmamembrane and Cu mobilization from the vacuole
(Jung et al., 2012). In Arabidopsis, COPT6 functions as a high-affinity Cu transport
protein at the cell surface of aerial vascular tissues and reproductive organs.
Characterization of copt6 T-DNA insertion mutant indicates that COPT6 is necessary for
appropriate Cu distribution to leaves and seeds during periods of Cu deficiency (GarciaMolina et al., 2013).
Delivery to the endomembrane system and apoplast
Evidence of Cu delivery to the endomembrane system was first reported during
characterization of the RAN1 transporter. RESPONSE TO AGONIST1 (RAN1) was
identified from a mutant with an unusual response to the ethylene antagonist tranicyclooctene (Hirayama et al., 1999). In Arabidopsis, RAN1 has been characterized as a
heavy metal P-type ATPase now known as HMA7 (Williams and Mills, 2005). RAN1
(AtHMA7) functions in the ethylene signaling pathway by supplying Cu to the
endoplasmic recticulum for the formation of functional ethylene receptors (Chen et al.,
2002). AtHMA5, a close homolog of AtHMA7 does not display the defects related to
ethylene signaling; however, ran1 and hma5 mutants have phenotypes that are associated
with cell expansion (Woeste and Kieber, 2000; Andres-Colas et al., 2006). It is possible
that the ran1 and hma5 mutants both affect apoplastic oxidases, which require Cu and
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function in cell expansion. While RAN1 is active in an edomembrane system, HMA5
may be active in the plasmamembrane or a late secretory compartment.
Delivery to mitochondria
An important Cu-containing protein in mitochondria is cytochrome c oxidase.
This multi-subunit protein contains three Cu ions as cofactors (Carr and Winge, 2003). In
yeast, the Cu-binding protein COX17 mediates delivery of Cu to the mitochondria for the
assembly of a functional cytochrome c complex. Arabidopsis COX17 has been identified
as a metallochaperone that shares sequence similarity to yeast COX17. AtCOX17 cDNA
can complement a COX17 yeast mutant. Expression of AtCOX17 is induced under stress
conditions that are known to inhibit mitochondrial respiration and to stimulate production
of reactive oxygen species (Balandin and Castresana, 2002).
Delivery to chloroplasts
Targets for Cu delivery in plant chloroplasts are plastocyanin in the thylakoid
lumen and the Cu/ZnSOD CSD2 in the stroma. In Arabidopsis PAA1 (HMA6) and PAA2
(HMA8) are P-type ATPase membrane transporters located in the chloroplast envelope
inner membrane and thylakoids respectively (Abdel-Ghany et al., 2005). The paa1
mutant

has

high

chlorophyll

fluorescence

phenotype

arising

from

impaired

photosynthetic electron transport and this phenotype can be rescued by adding excess Cu
to the growth medium (Shikanai et al., 2003). PAA2 (HMA8), which is closely related to
PAA1, transports Cu into the thylakoid lumen to supply plastocyanin (Abdel-Ghany et
al., 2005). Another heavy metal transporter identified in Arabidopsis is HMA1
(Seigneurin-Berny et al., 2006). HMA1 localizes to the chloroplast envelope and affects
Zn and Cu uptake. The Arabidopsis hma1 mutant has reduced activity of Cu/ZnSOD
(CSD2) and accumulates less Cu in the chloroplast, but the mutant has normal
plastocyanin activity. Therefore HMA1 may deliver divalent ions including Cu2+ and
Zn2+ to Cu/ZnSOD in chloroplasts (Seigneurin-Berny et al., 2006).
Vacuolar exporters
Studies with cell cultures from soybean have indicated that the chloroplast, cell
wall and vacuole are major sites for Cu accumulation (Bernal Ib·Òez et al., 2006). In
general, the vacuole is regarded as a storage organelle for a broad range of primary
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metabolites and involved in heavy metal detoxification. Arabidopsis COPT5 has been
characterized as a vacuole export transporter. COPT5 is localized in prevacuolar vesicles
(Garcia-Molina et al., 2011) and the tonoplast (Klaumann et al., 2011). Mutants lacking
COPT5 have altered Cu content in different organs. The vacuoles purified from the copt5
mutant contain much higher concentration of Cu compared to the wild type, suggesting
the function of this transporter is to export Cu out of the vacuole (Klaumann et al., 2011).
Although a Cu export mechanism at the tonoplast has been identified, how Cu ions are
imported into vacuole is still unknown.
Cytosolic Cu chaperones
The Cu chaperones are soluble, low-molecular-weight metallochaperone proteins
that are involved in intracellular trafficking of Cu and delivery of Cu into the active sites
of specific partners (O'Halloran and Culotta, 2000). Arabidopsis has two homologues of
the yeast ATX1 Cu chaperone named CCH and ATX1 (Himelblau et al., 1998). Both
CCH and ATX1 complement the yeast atx1 mutant and interact with the N-terminus of
HMA5 (Andres-Colas et al., 2006). Gene expression analysis of Arabidopsis CCH and
ATX1 under various Cu concentrations indicates that the two chaperones function
independently. The single mutant atx1 and the double mutant cch/atx1 are sensitive to Cu
deficiency. In contrast, overexpression of ATX1 enhances Cu tolerance under Cu excess
and Cu deficiency, suggesting its role in Cu homeostasis (Shin et al., 2012). CCH protein
is expressed in phloem, and a possible function of CCH in symplastic transport of Cu
through plasmodesmata during senescence has been proposed (Mira et al., 2001; AndresColas et al., 2006). Delivery of Cu to Cu/Zn superoxide dismutase via protein-protein
interaction requires the CCS chaperone. Arabidopsis has three Cu/ZnSOD (CSD)
isoforms: CSD1 in the cytoplasm, CSD2 in chloroplasts, and CSD3 in peroxisomes
(Kliebenstein et al., 1998). CSD1 can be activated in the cytoplasm with or without CCS;
however, activation of CSD2 in chloroplasts depends totally on CCS. On the other hand,
formation of active CSD3 in peroxisomes may be independent of CCS (Huang et al.,
2012).
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1.4.5. Regulation of Cu homeostasis
Because the concentration and availability of Cu in the environment is variable,
plants require mechanisms to tightly regulate Cu uptake and distribution to maintain an
optimal Cu concentration for growth and prevent toxicity. Cu concentration in plant
tissues will depend on the developmental stage, growth conditions and other
environmental factors.
Evidence of transcriptional regulation has been obtained for several genes
encoding Cu transporters. AtCOPT1 and AtCOPT2 are down-regulated under Cu excess,
whereas COPT6 is up-regulated (Sancenon et al., 2003; Garcia-Molina et al., 2013). The
P-type ATPase AtHMA5 is up-regulated under high Cu concentration (Andres-Colas et
al., 2006). Similarly, OsHMA5 and OsHMA9 in rice, which are involved in Cu
detoxification, is stimulated by excess Cu (Lee et al., 2007). In contrast, excess Cu
reduces the transcript level of PAA1 (AtHMA6) and PAA2 (AtHMA8) in shoots (del Pozo
et al., 2010). The Arabidopsis divalent transporter genes ZIP2 and ZIP4 are up-regulated
under Cu deficiency (Wintz et al., 2003). AtOPT3, the oligopeptide transporter, is also
up-regulated by Cu deficiency in roots (Wintz et al., 2003). YSL2 RNA expression is
reduced in shoots of Arabidopsis seedlings grown under high Cu treatment (DiDonato et
al., 2004).
Additionally, regulation of gene encoding metallochaperones in response to Cu
has been reported in Arabidopsis. AtCCS, AtCOX17 and AtATX1 are up-regulated in both
shoots and roots under Cu excess, but AtCCH transcripts are reduced (del Pozo et al.,
2010).
Regulation of superoxide dismutases in plants depends on Cu availability. Plants
have 2 isoforms of superoxide dismutase in chloroplasts: Cu/ZnSOD and FeSOD. At low
Cu levels, FSD1 encoding FeSOD is active and Cu/ZnSOD is repressed to preserve Cu
for plastocyanin. Reciprocally, FSD1 is turned off under high Cu to save iron for other
activities, and Cu/ZnSOD (CSD1) is active (Cohu and Pilon, 2007). The replacement of
chloroplastidic FeSOD by Cu/ZnSOD in response to Cu levels is controlled at the
transcriptional level by the action of squamosal promoter binding protein (SBP)-related
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transcription factors (SPL). The SBP protein specifically binds GTAC sequences within
the promoter region, resulting in the suppression of FeSOD under iron deficiency and
indirect induction of Cu/ZnSOD (Nagae et al., 2008). Additional studies have shown that
expression of superoxide dismutase genes in plants are regulated by microRNA. In
Arabidopsis, SPL7, a member of SBP domain family of transcription factors, activates
the expression of miR398 under Cu deficiency. miR398 then targets the degradation of
Cu/ZnSOD CSD1 and CSD2 mRNA (Yamasaki et al., 2007; Yamasaki et al., 2009).
Interestingly, SPL7 has been found to regulate not only miRNA398 but to also activate
miR397, miR408 and miR857, microRNAs that target degradation of laccases and
plantacyanin, the apoplastic Cu proteins mediating lignin polymerization (Yamasaki et
al., 2009). Under Cu deficiency, SPL7 also regulates many genes that are responsible for
Cu uptake and delivery. The detailed mechanisms are discussed further in Chapter 3.
1.5. Plant Metallothioneins
Metallothioneins (MTs) are low-molecular-weight (4-8 kDa), cysteine rich
proteins that can bind metals via the thiol groups of their Cys residues (Hamer, 1986).
MTs were first identified as Cd-binding proteins in horse kidney cortex (Margoshes and
Vallee, 1957). Since then MTs have been found across the animal and plant kingdoms as
well as in fungi and some prokaryotes (Cobbett and Goldsbrough, 2002). MTs typically
contain two metal-binding, Cys-rich domains that give the proteins a dumbbell
conformation. In general, MTs have been divided into two classes. Class I MTs contains
20 highly conserved Cys residues based on mammalian MTs (Klaassen et al., 1999).
Class II MTs includes all those from plants and fungi, as well as nonvertebrate animals
(Robinson et al., 1993).
Metallothioneins in plants have been further classified into 4 types (Cobbett and
Goldsbrough, 2002). Type 1 MTs contain six Cys-Xaa-Cys motifs, where Xaa represents
another amino acid. The six motifs are distributed equally between two domains that are
separated by approximately 40 amino acids. In type 2 MTs, the spacer between the two
domains is also approximately 40 amino acids but the first pair of Cys is present as a
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Cys-Cys motif in amino acid position 3 and 4 of these proteins. The sequences in the Nterminal domain of type 2 MTs are highly conserved (MSCCGGNCGCS). Type 3 MTs
contain four Cys residues in the N-terminal domain. The consensus sequence for the first
three is Cys-Gly-Asn-Cys-Asp-Cys. The six Cys residues in the C-terminal cysteine-rich
domain are arranged in Cys-Xaa-Cys motifs. Type 4 MTs differ from other plant MTs
because they have three cysteine-rich domains. Each domain contains 5 or 6 conserved
Cys residues, which are separated from each other by 10 to 15 residues.
Many plant MT sequences have become available in protein and nucleotide
databases. A total of 1013 MT and MT-like sequences have been identified in the NCBI
database (Leszczyszyn et al., 2013). The sequences come from vascular plants including
spermatophytes, conifers, ferns and fern allies. The angiosperms contribute the largest
proportion, approximately 92% of these sequences (Leszczyszyn et al., 2013).
Angiosperms contain all four types of MTs whereas seedless and non-vascular plants
contain at least 3 types (1, 2, 4). In the same study, additional MT-like proteins have been
identified form EST databases including the mosses Physcomitrella patens, Grimmia
pilifera, and Syntrichia ruralis, and in the liverwort Marchantia polymorpha. MT
sequences can also be found in the brown alga Sargassum binderi with high similarity to
type 1 MTs in Arabidopsis. These data suggest that MTs existed before the evolution of
vascular plants, and types 1, 2 and 4 are possibly housekeeping MTs that predate the seed
plants.
1.5.1. Metal binding properties
Owing to the difficulties in isolating MT proteins from plant tissues, with the
exception of wheat Ec (type 4 MT in seeds), published information about plant MTs is
remarkably limited. Early investigations of plant MT properties were published by
Tommey et al. (1991) using recombinant GST-fusion proteins. The proteins have been
expressed in the presence of Zn, Cd and Cu. A major difficulty in this study was the
proteolysis of untagged proteins, which caused the removal of the Cys-free linker. Such
proteolysis may also occur in planta, and this may account for the difficulties encountered
in trying to purify MT proteins from plants. Type 1-3 MTs have been successfully
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purified from Arabidopsis but the presence or absence of the linker region has not been
investigated (Murphy and Taiz, 1996). In the past two decades, with improved cloning
and recombinant expression techniques, the production of homogeneous MT protein
materials has become more straightforward.
One of the most important features of MT proteins is the number of metal ions
that can be bound. In general, the number of metal ions to be bound depends on the
number of thiol groups (and in some cases other metal-binding residues such as
histidines), the preferred coordination number and geometry of the metal ions, and the
folding of the proteins (Leszczyszyn et al., 2013). The metal binding stoichiometries of
four types of MTs have been estimated for Zn2+, Cd2+, and Cu+ based on metal-tocysteine ratios. Type 1 MTs with 12 Cys residues, can bind 4-5 M2+ or up to 9 Cu+. For
Type 2 MTs with 14 Cys residues, up to 5 M2+ and 11 Cu+ are estimated. Type 3 plantMTs potentially bind 4 M2+, or 8 Cu+. For type 4 MTs, in which the structures of the
clusters and binding sites are known, the maximum number for Zn2+ is 6 (Freisinger,
2008). Although the number of metal ions have been estimated, variation of metal:protein
stoichiometries determined in type 1-3 plant MTs has been observed across species and
experiments. It is possible that not all studies used fully metallated plant MTs. Regarding
plant cell environments, MTs may be partially metallated and may contain free thiols that
can participate in reactive oxygen species scavenging (Leszczyszyn et al., 2013).
1.5.2. Structural information
Regarding protein folding, MTs are highly dynamic and flexible because they
contain a small number of amino acids. The lack of amino acids in MTs with structureinducing or stabilizing properties causes MTs to have ordered structures only in the
presence of metal ions, otherwise they adopt a mostly disordered random coil structure
(Leszczyszyn et al., 2013). Up to now, no 3D structures are available for Type 1, 2 or 3
plant MTs due to the lack of suitable templates for modeling. However, secondary
structures have been explored with spectroscopic techniques. All three Type 1, 2 and 3
MTs are able to form a single cluster involving both Cys-rich sequences (Freisinger,
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2011). The most extensive in vitro structural study of plant MTs has been carried out with
the wheat Ec protein, the Type 4 MT expressed in wheat embryo, due to the ease with
which it can be isolated and purified. Wheat Ec can coordinate six Zn2+ ions in two
distinct metal-thiolate domains. Two Zn2+ ions are bound in the N-terminal and four in
the C-terminal domains (Peroza et al., 2009).
1.5.3. Metallothionein gene expression in plants
In general, expression of type 4 MTs is restricted to developing seeds. Type 1 MT
genes tend to be expressed more highly in roots than in shoots, while the expression of
type 2 MTs is the reverse. RNA expression of Type 3 MTs is abundant in fleshy fruits,
and leaves (Cobbett and Goldsbrough, 2002).
Although several observations suggest that expression of Type 4 MTs is seedspecific, the information retrieved from EST databases provides some evidence that they
may be expressed in other tissues. Type 4 ESTs have been identified in both male and
female reproductive organs such as the ovule of Cycas rumphii and the anther of Secale
cereale. ESTs for Type 4 MTs have also been detected in vegetative tissues of three fern
species; Osmunda lancea, Pteridium aquilinum, and Adiantum capillus-veneris, as well
as in vascular tissues of four gymnosperm species (Leszczyszyn et al., 2013).
Arabidopsis has 7 active MT genes: MT1a, MT1c, MT2a, MT2b, MT3, MT4a and
MT4b. Type 1, 2 and 3 are highly expressed in most of the vegetative tissues, while type
4 MT is expressed only in seeds. Tissue specific expression analysis using the GUS
reporter gene driven by AtMT promoters has revealed that MT1a and MT2b are expressed
in the vascular tissue, especially the phloem, and are Cu-inducible. MT2a and MT3 are
highly expressed in leaf mesophyll cells and are induced by Cu in young leaves and at
root tips. The senescence program also induces the expression of AtMT3 in leaves (Guo
et al., 2003). Recently, an overview of Arabidopsis MT gene expression in various organs
and at different developmental stages based on microarray databases has become
available on the Arabidopsis eFP (electronic fluorescent pictographs) Browser
(htttp://bar.utoronto.ca/welcome.htm) (Winter et al., 2007). MT1a and MT2a expression
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gradually increases during embryo development, and reaches a maximum in green
cotyledons (Appendix E, F). MT2b is highly expressed in early embryo development but
the RNA levels decline in later stages, and MT3 is expressed only in early embryonic
stages (Appendix G, H). Expression of MT2b is induced in leaves at all stages but MT3 is
most abundant in cauline leaves and senescent leaves (Appendix G, H).
Although expression of MT genes is tissue-specific, the transcripts of different
MT isoforms, especially Type 1-3 MTs, can co-exist in some tissues, suggesting that MT
proteins may functionally complement each other. In addition, differential expression of
MT genes in various developmental stages may help to reveal the specific roles of MTs
during plant development.
1.5.4. Function of plant metallotioneins
Metallothioneins have been proposed as multi-functional proteins. The presence
of thiol-clusters in the proteins is a hint that MTs may participate in various processes
such as metal homeostasis, metal accumulation, metal tolerance and detoxification,
oxidative stress, or even defense mechanisms. However, the functions of MTs in plants
are still elusive and not well characterized.
Studies of MT gene expression reveals that plant MT genes respond to hormones
and various kinds of stress conditions. Cytokinins can down-regulate rice OsMT2b (Yuan
et al., 2008), and ABA up-regulates Type 4 MT genes in wheat and rice (White and
Rivin, 1995; Zhou et al., 2005). Sucrose starvation (Hsieh et al., 1996), dehydration
(Yang et al., 2009), salinity (Nishiuchi et al., 2007), cold stress (Zhu et al., 2009),
senescence (Heise et al., 2007), and ROS inducers (Nishiuchi et al., 2007; Zhu et al.,
2009) can induce MT gene expression. In addition, metals can also regulate the
expression of MT genes. Cu treatment strongly induces expression of MT genes in
Arabidopsis and rice seedlings (Yu et al., 1998; Guo et al., 2003). Elevated Zn
concentration triggers expression of type 1 MT genes in poplar and rice (Castiglione et
al., 2007; Yang et al., 2009). Other metals such as Cd, Pb, Fe, and Al also trigger the
expression of MT genes (Okumura et al., 1992; Yu et al., 1998; Heise et al., 2007). Given
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these results, it is possible that MTs may have a variety of different functions either by
direct or indirect mechanisms. Information only at the level of RNA expression may not
be enough to draw a conclusion about the roles of MTs in plants. Additional experiments
that examine the metal binding properties of MTs, and physiological analyses in planta of
plants with altered expression of MT genes are required.
1.5.5. Metallothioneins and metal homeostasis
Several lines of evidence support the notion that MTs function in metal ion
homeostasis, especially for Cu. Expression of Arabidopsis MT1a, MT2a, MT2b and MT3
in vegetative tissues is Cu inducible (Guo et al., 2003). Cu induces RNA expression of
the Type 3 MT gene in the hyperaccumulator Thalaspi caerulescens, (Roosens et al.,
2004), and OsMT-2 in rice (Hsieh et al., 1996). Expression of all four types of
Arabidopsis MTs in a Cu-sensitive yeast mutant can restore Cu tolerance. A study in
Arabidopsis showed that lack of MT1a, but not MT2b, leads to a 30% decrease in Cu
accumulation in roots of plants exposed to high Cu concentrations (Guo et al., 2008).
More recently, Benatti (2010) showed that hydroponically grown Arabidopsis quadruple
mutants, deficient in MT1a, MT2a, MT2b and MT3, contained high Cu levels in senescent
leaves but low Cu accumulation in seeds, whereas the concentrations of other metals
were not affected.
It is of interest that MT genes are highly expressed during leaf senescence (Guo et
al., 2003; Kohler et al., 2004). In Brassica napus, the MT-like gene, LSC54, which shares
high homology to Type 1 MT from Arabidopsis, is one of the most abundantly expressed
genes in senescing leaves (Buchanan-Wollaston, 1994). Therefore, MTs have been
proposed to function in metal remobilization from older leaves to other sink organs such
as developing seeds.
In this dissertation, I further study the functions of Arabidopsis Type 1-3 MTs in
Cu homeostasis. MTs are important for Cu accumulation in leaves during leaf
development regardless of the availability of Cu in the environment. MTs are responsible
for Cu translocation into developing seeds but this function appears to be independent
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from metal remobilization from leaves or other vegetative organs. Additionally, MTs are
crucial for plant growth under Cu deficient conditions. MT-deficient Arabidopsis plants
grown in medium without Cu show interveinal chlorosis and yellow spots on the leaves,
and the development of reproductive organs is arrested. This is not due to a synergistic
deficit in the accumulation of another metal. To gain insight into MT function in crop
plants, I also characterized the MT gene family in barley (Hordeum vulgare). The tissuespecific expression of Type 1-3 MT genes and regulation of MT genes under different
metal conditions was examined. The data suggest that MTs in barley may be involved in
metal homeostasis in a similar manner to the Arabidopsis MTs.
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CHAPTER 2.
CHARACTERIZATION OF ARABIDOPSIS METALLOTHIONEIN-DEFICIENT
MUTANTS UNDER COPPER SUFFICIENT CONDITIONS

2.1. Introduction
Plants require mineral nutrients to maintain normal growth and development, and
to complete their life cycles. Copper (Cu) is a redox-active transition metal that exists as
Cu2+ and Cu+. The Cu2+ is usually bound by nitrogen in histidine side chains of proteins
or peptides, whereas Cu+ interacts with sulfur in cysteine or methionine (Yruela, 2009).
Cu is essential for several processes in the plants including photosynthetic electron
transport, respiration, oxidative stress responses, cell wall synthesis, and ethylene
perception.
The most abundant copper proteins in plants are plastocyanin and Cu/Zn
superoxide dismutase (Cu/ZnSOD). Plastocyanin, the blue protein, functions as an
electron carrier between membrane-bound cytochrome b6f complex and photosystem I
(PSI) in the thylakoid lumen (Raven et al., 1999). Superoxide dismutases (SOD) are
metalloenzymes that participate in the metabolism of reactive oxygen species (ROS).
SOD catalyzes the dismutation of superoxide radicals to molecular oxygen and hydrogen
peroxide (Beyer et al., 1991). In plants, Cu/ZnSOD is present in 3 isoforms, which are
found in cytosol (CSD1), chloroplast (CSD2), and peroxisome (CSD3) (Bowler et al.,
1992).
Copper acts as a cofactor in a large number of oxidases including cytochrome c
oxidase, the last enzyme in the electron transport chain in mitochondria (Carr and Winge,
2003); amine oxidase and laccase, which are involved in lignification and cell wall
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metabolism (Gavnholt and Larsen, 2002; Paschalidis and Roubelakis-Angelakis, 2005);
and ascorbate oxidase in the apoplast, which has been proposed to function in cell
expansion and salt tolerance (Pignocchi et al., 2003; Yamamoto et al., 2005). Cu is also
required for the ethylene receptor ETR1 in the endoplasmic reticulum (Rodríguez et al.,
1999). More recently, a role of Cu in molybdenum cofactor biosynthesis has been
reported (Kuper et al., 2004).
Typically, the concentration of Cu in plants ranges from 2 to 50 µg.g-1 DW (ppm)
with 6 µg.g-1 DW considered the optimal level in shoots (Epstein and Bloom, 2005).
Deficiency symptoms appear when the Cu concentration is lower than 5 µg.g-1 DW in
vegetative tissues. In contrast, accumulation of 20 µg.g-1 DW or higher in the same tissue
will cause toxicity to the plants (Marschner, 1995).
Symptoms of Cu deficiency consist of decreased growth rate, leaf distortion,
chlorosis of young leaves, curling of leaf margins, and damage to the apical meristem.
Since Cu is essential for the enzymes involved in lignification and cell wall synthesis,
deficiency has a severe effect on vascular tissue formation, pollen viability, and fruit and
seed development (Marschner, 1995). The typical symptoms of excess Cu are root
growth inhibition and chlorosis of vegetative tissue. Cu toxicity can reduce Fe uptake,
causing Fe deficiency in some species (Marschner, 1995). The primary target of Cu
toxicity is the thylakoid membrane on the chloroplast, especially photosysyem II (PSII)
(Yruela et al., 1996).
Copper is taken up into root cells by the activity of a number of transporters. The
Cu transporter (COPT) protein family has been identified in plants by sequence
homology with the Cu transporters named CTR or by functional complementation in
yeast (Sancenon et al., 2003). The Arabidopsis COPT1 is localized at the root cell
membrane and functions in Cu+ import into roots. The expression of AtCOPT1 is
negatively regulated by Cu (Sancenon et al., 2004). Cu2+ can be taken up into roots via
ZIP2 and ZIP4 transporters. The ZIP proteins belong to the family of divalent metal ions
transporters and generally transport cations into the cytoplasm. Expression of ZIP2 and
ZIP4 in Arabidopsis is upregulated by Cu and Zn deficiency (Wintz et al., 2003).
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After uptake into the roots, Cu must be exported from the root symplast before
entering the xylem where it is transported to the leaves in the transpiration stream. Cu can
be loaded into the phloem in order to reach sink tissues such as developing leaves,
flowers and seeds. The P-type ATPase transporter HMA5 is responsible for uploading Cu
from the root symplast to the vascular tissues (Andres-Colas et al., 2006). Arabidopsis
HMA5 is mainly expressed in roots and flowers. Accumulation of Cu in roots of the hma5
mutant suggests that this transporter functions in Cu export out of the cell. The phenotype
of the hma5 mutant is the opposite of that observed in COPT1 antisense lines, supporting
the idea that HMA5 and COPT1 transport Cu in opposite directions (Andres-Colas et al.,
2006).
Once Cu is in the vascular system, long distance transport of Cu may involve the
action of the metal-chelator nicotianamine. Nicotianamine (NA) is synthesized by
nicotianamine synthase (NAS) from S-adenosyl-methionine. Depletion of NA in tobacco
by overexpression of nicotianamine aminotransferase (NAAT) from barley causes
interveinal chlorosis in young leaves and abnormal flowers. The levels of Cu, Fe and Zn
decreased in leaves and floral organs of these transgenic plants, suggesting the role of NA
in long distance transport of these metals (Takahashi et al., 2003). When Cu reaches the
target tissues, Cu is imported into the symplast of shoot organs by the COPT2 transporter.
AtCOPT2 is highly expressed in leaves and the gene is induced by Cu deficiency
(Sancenon et al., 2003).
In Arabidopsis, most of the Fe, Mn and Cu that accumulates in seeds seems to be
taken up from the roots and transported directly to the reproductive tissues through the
vascular system. However, some of the metals that accumulate in seeds are remobilized
from vegetative tissues, likely via phloem (Waters and Grusak, 2008). Regarding seed
tissues, only the maternal cells are connected to the vascular system, while the filial
tissues including aleurone, endosperm and embryo are separated from maternal tissues by
one or more apoplastic layers (Stadler et al., 2005). Therefore, several steps are required
for micronutrients to enter the filial tissues: phloem unloading into seed coat tissues,
efflux from maternal seed coat cells into the apoplast, and finally uptake into the filial
tissues (Walker and Waters, 2011). Translocation of Cu into seeds through phloem
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requires the function of Yellow Stripe-Like (YSL) transporters. YSL proteins transport
metal-NA complexes across plasmamembrane, most likely into phloem companion cells.
Two Arabidopsis YSL genes (AtYSL1, AtYSL3) have been shown to be involved in
moving metal-NA complexes during leaf senescence and seed production. The ysl1/ysl3
double mutant exhibits Fe deficiency symptom and alters the concentration of Fe, Zn, Cu
and Mo in seeds and leaves. The double mutant accumulates high Cu in senescent leaves
and less Cu in seeds. Both AtYSL1 and AtYSL3 are strongly expressed during leaf
senescence, suggesting that reduced metal accumulation in seeds is a result of the failure
to mobilize metals from leaves to the reproductive parts of the plants (Chu et al., 2010).
Another Arabidopsis YSL protein, YSL2, transports Fe and Cu when these metals are
chelated by NA. AtYSL2 is regulated by Fe and Cu in the growth medium (DiDonato et
al., 2004). Knock out of rice OsYSL16 results in higher Cu concentration in older leaves
but a lower concentration in the younger leaves at the vegetative stage. At the
reproductive stage, Cu accumulates more in the flag leaf and husk, but less in rice seeds,
indicating the role of YSL16 in delivering Cu to young tissues and seeds. OsYSL16 is
expressed in the phloem of nodes and in vascular tissues of the leaves (Zheng et al.,
2012).
In Arabidopsis, Cu is transported into the cell via COPT1 and COPT2
transporters, or the ZIP2 and ZIP4 transporters. Inside the cell, Cu needs to be distributed
to various compartments and target proteins. In the chloroplast, Cu is required by
plastocyanin in the thylakoid lumen and Cu/ZnSOD (CSD2) in the stroma. Cu+ enters the
chloroplast via the P-type ATPase transporter PAA1 (AtHMA6). The paa1 mutants have
a high chlorophyll fluorescence phenotype arising from impaired photosynthetic electron
transport. The phenotype can be rescued by adding excess Cu to the growth medium
(Shikanai et al., 2003). PAA2 (AtHMA8), which is closely related to PAA1, is similar to
the PacS transporter from cyanobacteria and transports Cu into the thylakoid lumen to
supply plastocyanin (Abdel-Ghany et al., 2005a). Another chloroplast transporter,
HMA1, has been identified in Arabidopsis (Seigneurin-Berny et al., 2006). HMA1
localizes in the chloroplast envelope and affects Zn and Cu uptake activity. The hma1
mutant has a reduced Cu concentration in chloroplasts, and the activity of Cu/ZnSOD
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(CSD2) is also diminished, but the mutant has normal plastocyanin content. This
evidence suggests that HMA1 delivers Cu2+ and Zn2+ to Cu/ZnSOD in chloroplasts
(Seigneurin-Berny et al., 2006). Cu can be delivered to the ethylene receptor via the Ptype ATPase RAN1, also known as AtHMA7. RAN1 transports Cu to the endoplasmic
reticulum where the formation of ethylene receptors occurs (Hirayama et al., 1999; Chen
et al., 2002). The plant hormone ethylene is necessary for many abiotic stress responses
as well as effective defense against and plant pathogens.
Metallochaperones are soluble cytosolic proteins that are crucial for intracellular
Cu trafficking. The high reactivity of Cu+ inside the cell can cause toxicity by nonspecific
interactions with other components. Consequently eukaryotic cells are equipped with
chaperone proteins that bind Cu+ and deliver it to the right targets. Arabidopsis has two
homologues of the yeast ATX1 chaperone named Cu chaperone (CCH) and ATX1
(Himelblau et al., 1998). Both CCH and ATX1 complement the yeast atx1 mutant and
interact with the N-terminus of HMA5 (Andres-Colas et al., 2006). AtCCH mRNA is
expressed around the vascular tissue and the protein was detected in phloem (Mira et al.,
2001; Andres-Colas et al., 2006). It has been proposed that CCH functions in Cu
symplastic transport through plasmodesmata during senescence. Copper can be directed
to the mitochondria by the COX17 chaperone. Arabidopsis COX17 shares similarity to
yeast COX17 and may mediate the delivery of Cu to a functional cytochrome c oxidase
complex (Balandin and Castresana, 2002). The AtCCS gene encodes a protein that
delivers Cu to Cu/ZnSOD by protein-protein interaction. Arabidopsis CCS gene encodes
a predicted chloroplast signaling sequence, but the protein localizes to both cytosol and
plastids (Chu et al., 2005). Thus, it is possible that CCS delivers Cu to both cytosolic and
chloroplastic Cu/ZnSOD enzymes. AtCCS is down-regulated in response to Cu
deficiency. Additionally, AtCCS is up-regulated during senescence, suggesting the role of
this protein in oxidative stress protection (Abdel-Ghany et al., 2005b).
In addition to metallochaperones, there is another group of cytosolic proteins
whose functions are largely unknown but may also participate in metal homeostasis.
These are metallothioniens (MTs). MTs are low-molecular-weight (4-8 kDa), cysteine
(Cys)-rich proteins that can bind metals via the thiol groups of their Cys residues (Hamer,
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1986). Plant MTs are classified into 4 types based on amino acid sequence and the
arrangement of cysteine residues: MT1, MT2, MT3, and MT4 (Cobbett and
Goldsbrough, 2002). Arabidopsis has 7 active MT genes: MT1a, MT1c, MT2a, MT2b,
MT3, MT4a and MT4b. Type 1, 2 and 3 are highly expressed in most of the vegetative
tissues, whereas type 4 MT is expressed only in seeds. The study of Arabidopsis MT gene
expression using the GUS reporter driven by AtMT promoters reveals that MT1a and
MT2b are expressed in the phloem and are Cu-inducible. MT2a and MT3 are highly
expressed in mesophyll cells and are induced by Cu in young leaves and root tips (Guo et
al., 2003).
It has been shown that elements such as N, P, K, Mo, Cr, S, Fe, Cu and Zn are
mobilized out of Arabidopsis leaves during senescence (Himelblau and Amasino, 2001;
Waters and Grusak, 2008). Interestingly, the RNA levels of MT genes that are expressed
in vegetative tissues of Arabidopsis thaliana are elevated during leaf senescence (Butt et
al., 1998; Garcia-Hernandez et al., 1998; Guo et al., 2003). Arabidopsis MT-deficient
mutants accumulate high Cu concentration in senescent leaves and less in seeds.
Therefore, it has been proposed that MTs function in Cu remobilization during the
senescence program (Benatti, 2010).
The central hypothesis of the research presented in this chapter is that Arabidipsis
MTs function in Cu accumulation in vegetative and reproductive organs under Cu
sufficient conditions. To test this hypothesis, I have taken a reverse genetic approach
where all 4 MT genes expressed in vegetative tissues have been disrupted. The mutants
have been grown in soil and analyzed for metal accumulation. I have studied the
expression of genes involved in Cu homeostasis in MT-deficient mutants to try to
understand the function of MTs in Cu accumulation in the leaves. I have also used a
hydroponic system to study Cu allocation in both vegetative and reproductive organs.
Taken together, the roles of MTs in Cu accumulation during leaf and seed development
have been elucidated by this research.
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2.2. Materials and methods
2.2.1. Plant materials
All of the Arabidopsis wild type and MT-deficient mutant plants used in this
study were identified in the Columbia-0 (Col-0) ecotype except for mt3-1, which was
identified in the Wassilewskija (Ws) ecotype. Plants were grown under different
conditions depending on the purpose of each experiment as described below.
2.2.2. Development of Arabidopsis metallothionein deficient mutants
The T-DNA insertions for MT1a (mt1a-2), MT2a (mt2a-1), and MT2b (mt2b-1)
were identified using the SIGNAL database (http://signal.salk.edu/cgi-bin/tdnaexpress)
and acquired from ABRC (Table 2.1). The mutant line for MT3 was identified in the
FLAGdb/FST database (http://genoplante-info.infobiogen.fr) and ordered from INRA
(Versailles, France). Figure 2.1 illustrates the position of the T-DNA insertion in each
MT gene. Homozygous insertion lines of single mutants were screened by PCR using
primers specific to wild-type alleles and T-DNA insertion alleles, and the T-DNA
locations were identified by sequencing PCR products amplified with 3’ gene specific
primer and the left border T-DNA primer. To develop multiple combinations of MTdeficient mutants, homozygous insertion mutants were crossed. The F1 progenies were
allowed to self-fertilize and homozygous F2 progenies were screened by PCR. To
remove additional T-DNA loci elsewhere in the genome, the mutants were backcrossed
to the Col-0 wild type. After each backcross the homozygous lines were then verified
again by PCR. Screening and development of homozygous single, double and triple
mutants were performed previously by Dr. Woei-Jiun Guo (Guo, 2005).
The quadruple mutant (mt1a-2/mt2a-1/mt2b-1/mt3-1) was developed by Dr.
Matheus Benatti (Benatti, 2010) and was backcross 3 times to the Col-0 wild-type.
Detailed information about the crosses performed to develop all MT-deficient mutants is
shown in Table 2.2.
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To examine RNA expression in the homozygous T-DNA insertion lines, reverse
transcriptase-polymerase chain reaction (RT-PCR) was performed with the use of
specific primers for MT1a (W48, W49), MT2a (20, 21), MT2b (W19, W20), and MT3
(42, 43) (see appendix A). The synthesized first strand cDNA was diluted 10 times and 2
µL was used as a template in a 15 µL reaction with the following thermal profile: 3 min
at 95°C, 36 cycles (30 s at 95°C, 30 s at 54°C, 60 s at 72°C), and 10 min at 72°C. Since
the nucleotide sequences of MT1a and MT1c are 94% identical, the transcripts of both
genes can be amplified by the primer pair W48 and W49. However, a single nucleotide
polymorphism in the 3’ UTR of MT1c creates a BglII restriction site. This polymorphism
was used to distinguish between the transcripts from MT1a from MT1c.
I also quantified the transcripts of MT1a and MT1c in the quadruple mutant by
quantitative RT-PCR. RNA was extracted from leaves of 4-week-old plants grown in
soil. Synthesized first strand cDNA was diluted 50 times and 2 µl was used as a template
in a 15 µL real time PCR reaction. The following thermal profile was used: 10 minutes at
95 °C for 1 cycle, 40 cycles (30 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C), and 1 final cycle
(1 minute at 95 °C, 30 s at 60 °C, 30 s at 95 °C). To distinguish between the transcript
level of MT1a and MT1c, primers that amplify both MT1a and MT1c (AtMT1acF,
AtMT1acR), and specific primers that target only MT1c (AtMT1cF, AtMT1cR) were
employed. The transcript levels of MT1a+MT1c and MT1c were normalized with ACT2
(AT3G18780). Analysis of gene expression by quantitative RT-PCR is further described
in 2.2.9.
2.2.3. Growth of Arabidopsis under soil conditions
To grow Arabidopsis plants in soil, Sunshine Redi-earth® (Sun Gro
HORTICULTURE, USA) was used as a soil material. To eliminate soil-born pathogens,
the soil was autoclaved at 121°C 20 min before use. Seeds were stratified in the dark at
4 °C for 2 days before planting. Thirty to fifty seeds were germinated in each pot (6×6
cm) and maintained under fluorescent light (Philips F32T8/TL73S 32W 5000K, light
intensity 60-80 µmol.m-2.s-1) at 24 °C and 70% humidity. The pots were covered with
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plastic domes for 2 weeks to maintain moisture. After 2 weeks, individual seedlings were
separated and transferred to new pots. The plants were grown under 12-hour or 16-hour
light photoperiods, depending on the objectives of the experiment. Plants grown under
16-hour light photoperiod were fertilized one time in their life cycle with the commercial
Miracle Gro® by sub-irrigation at 4 weeks. Plants grown under 12-hour light photoperiod
were fertilized 2-3 times in their life cycles because they were larger and consumed more
nutrients compared to those grown under 16-hour light photoperiod. To prepare the
fertilizer solution, one tablespoon of solid Miracle Gro® was mixed with one gallon of
tap water according to the manufacturer’s instruction.
2.2.4. Growth of Arabidopsis under hydroponic conditions
To grow Arabidopsis plants in a hydroponic system, stratified seeds were placed
on top of a rockwool (Grodan, Canada) plug inserted in a 1.5 mL microcentrifuge tube
soaked with 1/4x modified Hoagland’s solution (Hoagland and Arnon, 1950). The bottom
of the tube was cut off to allow the nutrient solution to contact and moisten the rockwool.
The hydroponic solution consisted of the following: 625 µM Ca(NO3)2.4H2O, 312.5 µM
K2SO4, 250 µM MgSO4.7H2O, 62.5 µM KH2PO4, 32.5 nM KCl, 562.5 nM MnSO4.H2O,
3.125 µM H3BO3, 475 nM ZnSO4.7H2O, 120 nM CuSO4.5H2O, 25 nM Na2MoO4.2H2O,
6.875 µg.L-1 Fe-Sequestrene (Sprint® 330; Becker Underwood, USA), 2 mM MES free
acid monohydrate, pH 5.8. The microcentrifuge tubes with seeds were placed in holes in
a Styrofoam raft floating in a plastic box containing 3L hydroponic solution. The box was
covered with plastic wrap to reduce evaporation. After 2 weeks, the seedlings were
transferred to a larger container. The container consisted of a plastic cat litter box (Small
Cat Litter Pan®, dimensions: 14”×10”×3.5”; Van Ness Plastics, Clifton, NJ, USA) lined
with a submerged aeration system made of plastic tubing. Aeration was supplied through
aquarium pumps. All apparatus including plastic containers, beakers, Styrofoam and
mircocentrifuge tubes were washed with 5% nitric acid (v/v) followed by rinsing with
deionized water (18.2 Mohms) 3 times before use to reduce metal contamination.
Rockwool was rinsed with deionized water, autoclaved and dried at 65 °C before use.

27
The hydroponic solution was replaced weekly. Arabidopsis plants were grown at 24 °C
under a fluorescent light rack with a 16-hour light photoperiod and a light intensity of
120-150 µmol.m-2.s-1 until they reached maturity. Young leaves, senescent leaves and dry
seeds were harvested for metal analysis.
2.2.5. Manipulation of Cu stable isotopes in hydroponic solution
To determine the source of Cu accumulated in seeds, Arabidopsis plants were
grown in hydroponics with the stable isotopes of Cu (63Cu and
(99.7%
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Cu).
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CuSO4.5H2O

Cu) was purchased from Isoflex USA (San Francisco, CA, USA). Plants were

cultured in hydroponic solution containing

65

CuSO4 (97%

65

Cu, 3%

63

Cu) for about 4

weeks. Primary flower stems were removed to promote vegetative growth. Plants were
switched to medium containing natural Cu (70% 63Cu, 30% 65Cu) when the first flowers
opened on the secondary inflorescence at about 4 weeks. Plants were grown under this
condition until they completed their life cycle. Young leaves were harvested at 4 weeks,
and senescent leaves and seeds were harvested at 12 weeks. The leaves and seeds were
analyzed by ICP-MS to determine the abundance of Cu isotopes in these tissues.
2.2.6. Inflorescence grafting
Arabidopsis plants were grown in soil under 12-hour light photoperiod to promote
vegetative growth. Once the primary inflorescence stem had grown to about 5-6 cm in
length, and about 2 mm in diameter, the inflorescence was cut 2-2.5 cm from the apex
with a razor blade. The scions were placed in water to prevent them from drying out
before grafting. To graft the scions to the stock plants, the v shape cut-end of the
inflorescence scion was inserted into the stem of the stock plant. The graft unions were
wrapped with parafilm. The scion grafted on the stock plant was recovered from wilting 5
to 7 days after grafting. After 2 weeks, the photoperiod was switched to 16-hour light to
promote flowering. Additional inflorescence that emerged later from the rootstock plants
were removed, leaving a single grafted stem per plant. After grafting, the plants were
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grown for an additional 8 weeks to reach maturity. Senescent leaves and dry seeds were
harvested for metal analysis.
2.2.7. Growth of Arabidopsis under sterile conditions
Arabidopsis seeds were surface sterilized with 30% (v/v) household bleach
containing a drop of Tween 20 (Bio-Rad, USA) for 10 min followed by washing 3 times
with sterile water. Seed were stratified at 4 °C in the dark for 2 days. After stratification,
seeds were germinated on 100×100×15 mm square dishes (Simport, Canada) containing
half-strength MS (Murashige and Skoog, 1962) supplemented with 0.05% (w/v) MES
free acid monohydrate, 1% (w/v) sucrose and 1% (w/v) agar adjusted to pH 5.7-5.8.
Plants were grown under a fluorescent light rack with a 16-hour light photoperiod (120150 µmol.m-2.s-1) at 24 °C.
2.2.8. Metal ion analysis in Arabidopsis tissues
To analyze metal ions in various plant tissues, the tissues were dried at 65 °C for
at least 2 days. Root tissues were washed before drying in order to remove metals on the
surface of roots. Roots were washed first in deionized water, followed by citrate buffer
(20 mM sodium citrate, 1 mM EDTA, pH 4.2), and then 25 mM CaCl2 (pH 5.0). Each
wash lasted 10 min. After a final wash in deionized water, roots were dried. After drying,
30-40 mg of plant tissue was digested in 1 mL concentrated nitric acid (AR Select;
Mallinckrodt Baker) at 115 °C for about 48 hours. The digested samples were diluted to a
total volume of 4 ml with deionized water (18.2 Mohms) and 500 µL of each sample was
diluted again in 9.5 mL deionized water. The diluted samples were sent to Dr. Linda Lee
lab, Department of Agronomy, Purdue University, for analysis using inductively coupled
plasma-mass spectrometry (ICP-MS).
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2.2.9. RNA expression analysis
Quantitative real-time RT-PCR (qRT-PCR) and RT-PCR were used to study RNA
expression in MT-deficient mutants. Total RNA was isolated using TRIzol Reagent
(Invitrogen, USA). The RNA was treated with DNAse (Turbo DNA-free Kit, Applied
Biosystems/Ambion). RNA quantity was determined using a NanoDrop 1000 (Thermo
Scientific) and it was also analyzed by formaldehyde agarose gel electrophoresis. RNA
was reverse transcribed using 1 µg of DNAse-treated RNA and 0.5 µL of AMV-reverse
transcriptase (Promega), according to the manufacturer’s instructions.
For RT-PCR, the cDNA was diluted 10 times and 2 µl was used as a template in a
15 µl reaction with the following thermal profile: 3 minutes at 95 °C, 35 cycles (30 s at
95 °C, 30 s at 55 °C, 60 s at 72 °C) and 10 minutes at 72 °C. The number of PCR cycles
used was as described above or as otherwise indicated. Primers used for RT-PCR reaction
are listed in Appendix A. RNA expression of different genes was normalized to the
expression of ACT2/8.
For quantitative real-time RT-PCR, the cDNA was diluted 50 times and 2 µl was
used as a template in a 15 µl reaction. The real-time PCR reactions were performed in a
Mx3000P real-time PCR cycler (Stratagene) using SYBR Green to monitor cDNA
amplification (Brilliant SYBR Green QPCR Master Mix, Agilent Technologies). The
following thermal profile was used: 10 minutes at 95 °C for 1 cycle, 40 cycles (30 s at 95
°C, 30 s at 60 °C, 30 s at 72 °C), and 1 cycle (1 minute at 95 °C, 30 s at 60 °C, 30 s at 95
°C). The absolute quantity of initial transcript was determined by standard curve using
mass standard. Absolute expression of each gene was normalized to the average
expression of the internal control genes UBC and ACT2. Each biological cDNA sample
was tested in two technical replicates. Specific primers used for PCR amplification
(Appendix B) were designed using the real time PCR primer tool on the IDT website
(IDT

integrated

DNA

http://www.idtdna.com/Scitools/Applications/RealTimePCR/).

Technologies,
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2.2.10. Statistical analysis
Statistical analysis of the data was performed using Student’s t test or One-Way
ANOVA: Post Hoc Multiple Comparisons-Tukey's HSD tests from the SPSS software
version 18 (IBM, USA).
2.3. Results
2.3.1. MT gene expression in MT-deficient mutants
To characterize the function of MTs in Arabidopsis, T-DNA insertions affecting
MT1a (mt1a-2), MT2a (mt2a-1), MT2b (mt2b-1), and MT3 (mt3-1) were used in this
study (Figure 2.1). MT RNA expression in single mutants (mt1a, mt2a, mt2b, mt3), triple
mutants (mt1a/mt2a/mt2b, mt1a/mt2a/mt3, mt1a/mt2b/mt3, mt2a/mt2b/mt3), and the
quadruple mutant (mt1a/mt2a/mt2b/mt3) were analyzed by RT-PCR (Figure 2.2). RNA
expression of MT2b and MT3 was not detectable in single, triple and quadruple mutants
that carried the respective insertion alleles. However, a low level of MT2a RNA was
detectable in all mutants. The low level of MT2a RNA expression is likely a consequence
of the T-DNA insertion position, which is located within the promoter region.
Since MT1a and MT1c share 94% nucleotide identity, the transcripts of both
genes can be amplified by the primers W48 and W49, and the amplification products are
about the same size (MT1ac row in Figure 2.2). To confirm that MT1a RNA was
eliminated in the mt1a mutant, the PCR products were further digested by BglII. Only the
MT1c product was digested by the restriction enzyme resulting in a lower band on a gel.
The PCR products of all mutants deficient in MT1a were smaller after BglII digestion,
indicating that the amplification products were derived from MT1c not MT1a, and that
the mt1a mutant produces no detectable MT1a RNA.
I also used quantitative real-time PCR to quantify the expression of MT1a and
MT1c in both wild type and the quadruple mutant (Figure 2.3). Using primers that
amplify both MT1a and MT1c genes, the transcript level detected in the quadruple mutant
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was only 8.9% compared to wild type. Other experiments (Figure 2.2) demonstrate that
this must all be due to RNA expression of MT1c. Interestingly, using specific primers for
MT1c revealed that MT1c RNA in the quadruple mutants was induced 3.8 fold compared
to wild-type. However, even though MT1c was up-regulated in the quadruple mutant, the
transcript level of MT1c was still less than 10% of the combined MT1a and MT1c RNA
in wild-type plants.
2.3.2. Metal accumulation in senescent leaves and seeds of
quadruple MT-deficient mutant
To test the hypothesis that MTs play a role in Cu accumulation in vegetative and
reproductive organs of Arabidopsis under Cu sufficient conditions, wild type and
quadruple mutant plants were grown in soil for 12 weeks under 16-hour light
photoperiod. Senescent leaves and seeds were harvested when the plants had completed
their life cycle. Analysis of metal content by ICP-MS showed that the quadruple mutant
had 5-fold higher accumulation in senescent rosette leaves, but 3-fold lower accumulation
in the seeds compared to wild type (Figure 2.4). The concentration of other metals
including Zn, Fe and Mn were not different between the quadruple mutant and wild-type
plants. Results of other nutrients are in Table 2.3.
2.3.3. Cu accumulation in senescent leaves and seeds of
single and triple MT-deficient mutants
The altered Cu accumulation in senescent leaves and seeds was first discovered in
quadruple mutant plants. This observation raised the question about which specific MT
gene, or combination of MT genes, contributed to the striking phenotypes observed in the
quadruple mutant. To answer this question, I grew single mutants (mt1a, mt2a, mt2b,
mt3)

and

triple

mutants

(mt1a/mt2a/mt2b,

mt1a/mt2a/mt3,

mt1a/mt2b/mt3,

mt2a/mt2b/mt3) under the same conditions as described in 2.3.2. Cu concentration in
senescent leaves and seeds of the mutants were determined by ICP-MS. The Cu content
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in senescent leaves of a single MT gene mutant was the same as wild type, indicating that
the lack of a single MT gene was not enough to cause high accumulation of Cu in the
leaves. Cu content in seeds of each of the single MT mutants was significantly reduced
from wild type. However, the reduction of Cu levels in seeds of the single mutants was
not as striking as observed in the quadruple mutant (Figure 2.5A).
Analysis of Cu accumulation in triple mutants indicated that the levels of Cu in
leaves of mt1a/mt2a/mt2b, mt1a/mt2b/mt3, and mt2a/mt2b/mt3 were significantly
increased compared to wild type (Figure 2.5B, Table 2.4). It is interesting that elevated
Cu occurred in all of the triple mutants deficient in both MT1a and MT2b together. For
seeds, Cu concentration in the two triple mutants deficient in MT1a and MT2b
(mt1a/mt2a/mt2b and mt1a/mt2b/mt3) was significantly decreased compared to the
quadruple mutant. These results suggest that MT1a and MT2b are important for Cu
accumulation in both leaf and seed tissues.
2.3.4. Altered Cu accumulation in the quadruple mutant was limited
to leaves and seeds
There are at least two hypotheses to explain the elevated Cu concentration in
leaves of MT-deficient plants. First, MTs may function in the Cu uptake system. Lack of
MTs may trigger a Cu deficiency response in the plants that causes the mutant plants to
increase Cu uptake from soil and upload more Cu to shoots, resulting in the elevated Cu
in leaves. If this hypothesis is true, Cu concentration in roots of the quadruple mutants
should be increased. In addition, the concentration of Cu in all tissues above ground of
the mutants should also be higher than the wild type. A second explanation is that MTs
function in distribution and allocation of Cu within the plants. If the total amount of Cu in
all tissues above ground of the mutants was similar in mutant and wild type, but the Cu
concentration in particular tissues was altered, this would support the second hypothesis.
To investigate these hypotheses, I measured the concentration of Cu in various
tissues of quadruple mutants compared to wild type plants. In this experiment, if the
plants were grown to maturity at 12 weeks, some of the tissues would have been lost. In
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order to make sure that I could harvest all above ground tissue, plants were grown in soil
for 7 weeks under 16-hour light photoperiod. At this time, the plants were in the
reproductive stage. The rosette leaves were starting to senesce and the first siliques had
started to dry. The Cu concentration in total above ground tissue was not significantly
different between the wild type and quadruple mutant (Figure 2.6). Stems, roots, and
cauline leaves of the mutant accumulated Cu normally. As observed in previous
experiments, Cu levels in the mutant were elevated in rosette leaves but lower in siliques
(Figure 2.6). The result indicated that overall Cu uptake from the soil was not altered in
the quadruple mutant but metal accumulation in particular tissues was misregulated.
Accumulation of other metals including Zn, Fe, and Mn was not altered in the quadruple
mutant plants (Figure 2.6). Dry weight of various above ground tissues was not different
between wild type and quadruple mutant (Figure 2.7). Therefore, altered Cu
accumulation in leaves and seeds had no effect on overall growth of the mutant plants.
Taken together, these results support the hypothesis that MTs function in Cu distribution
and allocation within the plants, especially in leaves and seeds. Lack of MTs does not
affect total Cu uptake into Arabidopsis plants.
2.3.5. Temporal accumulation of Cu in the quadruple MT-deficient mutant leaves
From the previous experiments, it is clear that the quadruple mutant accumulates
a much high concentration of Cu in older rosette leaves; however, Cu accumulation in
young leaves at earlier stages of development had not been studied. To examine the
temporal accumulation of Cu in leaves in more detail, Arabidopsis wild type and
quadruple mutant plants were grown in soil under 16-hour light photoperiod. Rosette
leaves were collected weekly from 2 weeks to 6 weeks. Metal analysis of leaf tissues
showed that Cu accumulation in young leaves from 2 to 4 weeks after sowing was similar
in mutant and wild type leaves. At 5 weeks, which was late vegetative stage, The
concentration of Cu in the whole rosette of quadruple mutant was higher compared to
wild type (Figure 2.8). At 6 weeks, Arabidopsis plants were flowering and some of the
mature leaves were senescing. At this time point there was a dramatic increase in Cu
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content in mutant leaves compared to wild type. In contrast, the Cu level in wild type
leaves declined from week 5 to week 6.
In this experiment Cu content in leaves during development was measured in the
whole rosette. The Cu concentration in the leaves shown in Figure 2.8 represents the
average of Cu accumulated in different leaves in the same rosettes. In the 5-week-old and
6-week-old plants there were important developmental differences between young and
older leaves. I suspected that different leaves in the same rosettes may accumulate Cu
differently. The elevated Cu detected in the rosettes of mutant plants at 5 and 6 weeks
may be a consequence of high accumulation in particular leaves. To test this hypothesis,
rosette leaves of 5-week-old plants were collected into 4 groups; oldest leaves (group 1),
mature leaves (group 2), younger mature leaves (group 3), and youngest leaves (group 4)
(Figure 2.9A). The oldest quadruple mutant leaves (group 1) had a 2 fold increase in Cu
concentration compared to wild-type leaves (Figure 2.9B). The Cu concentration of
leaves in groups 2, 3 and 4 of the quadruple mutant was not different from the wild type.
This result confirms that quadruple MT-deficient mutant plants accumulate higher Cu
and this occurs predominantly in the oldest senescing leaves, but not in young leaves.
I also conducted another experiment to monitor changes in metal concentration in
leaves during the senescence program. Arabidopsis plants were grown in soil under short
days (12-h light photoperiod) to extend the vegetative stage. I sampled the distal 1.5 cm
from the tip of leaves 7, 8 and 9 of wild type and quadruple mutant plants at 7 weeks
(green mature leaves) and 9 weeks (yellow senescing leaves) after sowing (Figure
2.10A). Leaves 7, 8 and 9 from 3 plants were pooled for each replicate for metal analysis
at each time point. As shown in Figure 2.10B, Cu content in wild type leaves decreased
from 7 weeks to 9 weeks. In the quadruple mutant plants, however, leaf Cu concentration
increased from 7 weeks to 9 weeks. The quadruple mutant leaves contained more Cu than
wild type at both 7 and 9 weeks. Accumulation of Zn, Fe and Mn was not changed in the
quadruple mutant leaves compared to wild type. The levels of Zn, Fe and Mn increased
from 7 weeks to 9 weeks in both wild type and mutants.
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2.3.6. RNA expression of genes involved in Cu homeostasis in
quadruple MT-deficient leaves
To test whether the loss of MTs alters the expression of genes involved in Cu
homeostasis, the RNA expression of gene encoding Cu transporters, Cu chaperones and
superoxide dismutases was studied in rosette leaves at 3, 4, 5, and 6 weeks, and stems at
6 weeks. Expression of the cell membrane transporter genes COPT2 and YSL2, which are
responsible for Cu import into the cell, was lower in the quadruple mutant leaves at 5 and
6 weeks. In contrast, HMA5, the P-type ATPase transporter that functions to export Cu
out of the cell, was up-regulated in the mutant leaves at 5 and 6 weeks (Figure 2.11,
Figure 2.12). These results are expected given the hyperaccumulation of Cu in the mutant
leaves. RNA expression of the ZIP transporters, ZIP2 and ZIP4, was not changed in the
leaves at any of the stages compared to the wild type, suggesting that ZIP transporters
may not participate in controlling Cu homeostasis in the leaves. Additionally, RNA
expression of intracellular Cu transporters HMA1, PAA1 and RAN1, the Cu chaperones
ATX1 and CCS1, and the YSL1 and YSL3 transporters was not different in the leaves of
quadruple mutant plants compared with the wild type (Figure 2.11).
It has been reported that two isoforms of superoxide dismutase, FeSOD (FSD1)
and Cu/ZnSOD (CSD1) show contrasting patterns of RNA expression in response to Cu
status (Cohu and Pilon, 2007). When sufficient Cu is available, CSD1 is active, while
FSD1 is suppressed. Under Cu deficient conditions, RNA expression of CSD1 is
suppressed and FSD1 is induced. Therefore, abundance of FeSOD and Cu/ZnSOD RNAs
are good indicators of Cu concentration in plant tissues. RNA expression of CSD1 was
up-regulated in quadruple mutant leaves at 5 and 6 weeks, and FSD1 was down-regulated
at 5 and 6 weeks (Figure 2.13). These results are expected because Cu accumulated in
leaves of the mutant as they aged. However, it is interesting that CSD1 was downregulated and FSD1 was up-regulated in young leaves of quadruple mutant at 3 weeks
compared to wild type. This suggests that quadruple mutant leaves behave as if they are
deficient in Cu at a young age.
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Analysis of gene expression in stems of wild type and quadruple MT-deficient
mutant showed that the transcripts of genes related to Cu homeostasis did not
significantly change in the mutant compared to wild type. These gene expression results
are in agreement with Cu content in the stem as shown in Figure 2.6.
2.3.7. Sources of Cu deposited in the seeds
The previous experiments demonstrated that the quadruple mutant accumulated
less Cu in seeds compared to wild type plants. Therefore, MTs may participate in the
translocation of Cu into seeds. This raised the question about the source(s) of Cu
deposited in seeds. There are 3 possible sources of the Cu that accumulates in seeds under
standard conditions. First, Cu is taken up from the soil and transported directly to seeds
through the stem. Second, Cu is remobilized from other organs within the plant including
the leaves. Lastly, Cu in seeds could come from a combination of both processes. To
understand the mechanism of Cu translocation in Arabidopsis plants, I used a hydroponic
system for growing plants that allowed the nutrient composition of the growth medium to
be manipulated. Two stable isotopes of Cu,

63

Cu and

65

Cu, were used to follow Cu

allocation in the plant tissues. In nature, Cu is comprised of 70%

63

Cu and 30%

65

Cu.

Arabidopsis wild-type and quadruple mutant plants were grown in 65Cu enriched medium
(97%

65

Cu, 3%

63

Cu) for 4 weeks. Primary flower stems were removed to promote

vegetative growth. The plants were transferred to medium containing natural Cu (70%
63

Cu, 30% 65Cu) when the first flowers opened on secondary stems. Young rosette leaves

were harvested from some plants at this time. Arabidopsis plants were then grown in
natural Cu medium (70%

63

Cu, 30%

65

Cu) until maturity. Senescent leaves and seeds

were harvested at this stage. Metal analysis revealed that there was no significant
difference in Cu content of young leaves from wild type and quadruple mutant plants. Cu
concentration in wild-type leaves decreased as leaves senesced. The quadruple mutant
had higher concentration of Cu in senesced leaves but lower Cu in seeds compared to
wild type (Figure 2.14, Table 2.5).
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I analyzed the percentage of 63Cu in young leaves, senescent leaves and seeds to
determine whether Cu had been remobilized from other organs to the seeds. Young
leaves had a low percentage of 63Cu as expected because the plants were grown in 65Cuenriched medium (Figure 2.14). After switching the plants to medium with natural Cu,
both wild type and quadruple mutant increased accumulation of 63Cu in senescent leaves,
showing that Cu from roots continued to be uploaded into the leaves even as they aged.
In this experiment flowering and seed development occurred entirely while the plants
were growing in medium containing 70%

63

Cu. If the Cu in seeds was 70%

63

Cu that

would indicate that all the Cu in seeds came directly from the medium. However, the
levels of

63

Cu were 57.4% in wild-type seeds and 59.4% in quadruple mutant seeds

(Figure 2.15). This result demonstrates that most of the Cu accumulated in seeds came
from direct uptake from roots through stems. Nevertheless, a small amount of Cu in seeds
was remobilized from other organs. Although there was a two-fold difference in Cu
concentration in seeds between wild type and quadruple mutant, there was little
difference in Cu isotopic ratio.
2.3.8. Cu accumulation in seeds of inflorescence-grafted plants
I further investigated why the quadruple mutant had diminished Cu accumulation
in seeds compared to wild type. It is possible that low Cu in seeds is a consequence of the
high Cu accumulation in leaves. Allocation of too much Cu in quadruple mutant leaves
may therefore reduce the amount of Cu available for transport to the seeds. As reported
previously, some of the metals accumulated in seeds are remobilized from vegetative
tissues (Waters and Grusak, 2008). A second possibility is that the quadruple mutant is
unable to remobilize Cu out of the leaf tissues during senescence, causing less
translocation into seeds.

However, the results from the stable isotope experiment

presented in 2.3.7 demonstrated that most of the Cu in seeds came from direct uptake, not
from internal remobilization. Even if there is lower remobilization of Cu from leaves in
the MT-deficient leaves it may not dramatically reduce Cu levels in seeds. The third
explanation for low Cu in quadruple mutant seeds is that this phenotype is unrelated to
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the high accumulation of Cu in senescent leaves, and the lack of MTs impairs metal
translocation from stems into seeds.
To test the last hypothesis, I grafted young primary inflorescence stems of
quadruple mutant plants onto wild-type plants, and vice versa. The self-grafts of wild
type and quadruple mutant were used as controls. Visual observation indicated there was
no difference in development of reproductive structures across all grafted plants. Seed
weight of quadruple mutant inflorescences grafted onto wild-type plants was significantly
lower than wild type self-grafted plants but was not significantly different from wild type
inflorescence grafted onto quadruple mutant plants and quadruple self-grafted plants
(Figure 2.16), indicating that grafting had only a small effect on seed weight. I also tested
whether seeds obtained from inflorescence grafts would germinate normally on MS agar
plates. The percent germination at 24, 48 and 72 hours was not significantly different
among the seeds from different grafts. Almost 100% of the seeds germinated from each
graft at 48 and 72 hours (Figure 2.17). This confirmed that the seeds obtained from
inflorescence-grafted plants were viable.
The leaves of quadruple self-grafted plants and wild type inflorescence grafted
onto quadruple mutant plants accumulated more Cu than wild-type self-grafted plants and
quadruple mutant inflorescences grafted onto wild type plants (Figure 2.18). This result
demonstrated that grafting of wild type inflorescences onto quadruple mutant plants did
not alter the uptake of Cu into the leaves. Quadruple mutant leaves still accumulated a
higher Cu concentration compared to wild type leaves. Accumulation of other minerals
such as Zn, Fe and Mn was not changed among senescent leaves of all 4 grafting types.
Focusing on seed metal content, the control self-grafted plants accumulated Cu similar to
the normal non-grafted plants in previous experiments: wild type self-grafted plants had
normal Cu levels in seeds while quadruple mutant self-grafted plants had lower Cu levels.
Critically, seeds of wild type inflorescences grafted onto quadruple mutant plants
accumulated Cu normally, compared to wild type self-grafted plants, and seeds of
quadruple mutant inflorescences grafted onto wild-type plants had reduced Cu
concentration similar to the control quadruple mutant self-grafted plants (Figure 2.18).
Normal Cu accumulation in mutant seeds could not be recovered by grafting mutant
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inflorescences onto wild type rosettes. Hence, I concluded that the mutant seed phenotype
is not related to the high accumulation of Cu in senescent leaves. MTs may function in
direct Cu translocation from stems to the reproductive tissues.
Accumulation of other metals including Zn, Fe and Mn did not change among the
4 types of inflorescence grafted-plants (Figure 2.18). However, Mn content in seeds of all
grafted plants was lower than expected, compared to Mn levels in seeds from my
previous experiments without grafting, indicating that inflorescence grafting may impair
Mn allocation to the seed tissues.
2.3.9. Altered Cu accumulation in reproductive tissues of
quadruple MT-deficient mutant
The results from the grafting experiment demonstrate that reduced Cu
accumulation in seeds is a consequence of impaired translocation of Cu from stems into
seed tissues. This raised the question of when and where the quadruple mutant plants are
defective in Cu translocation from vascular tissues to seeds. I speculated that MTs may
function in Cu allocation as early as flower development and may be important for Cu
unloading from stems to flowers. MTs may also be involved in Cu translocation during
seed development and have an effect on Cu unloading into fruit tissues (siliques
including seeds). Therefore, I analyzed metal content in fully open flowers of 7-week-old
plants, and dry hulls and seeds of 12-week-old plants. As shown in Figure 2.19, Cu
content in wild type flowers was significantly higher than in quadruple mutant flowers,
indicating that the lack of MTs interfered with Cu unloading in reproductive tissues
during flower development. The Cu level in mutant seeds also decreased similar to
previous experiments. However, Cu content in dry hulls of the quadruple mutant plants
was not significantly different from the wild type. Thus, the deficiency in MTs may have
an effect only on seed Cu deposition, not in entire fruit tissues.
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2.4. Discussion
In this study, I show that MTs are involved in Cu distribution in Arabidopsis
plants under Cu sufficient conditions. Lack of 4 MT proteins expressed in vegetative
tissues causes altered Cu accumulation in both vegetative and reproductive tissues. MTs
play roles in Cu accumulation in leaves during senescence and MTs are essential for Cu
translocation into flowers and seeds. I also demonstrate that the elevated Cu
accumulation in the leaves in quadruple mutant seeds is not responsible for reduced
translocation of Cu into the developing seeds..
2.4.1. Altered Cu accumulation in Arabidopsis MT-deficient mutant plants
Under Cu sufficient conditions, visual observation of plant growth and
development indicates that quadruple mutant plants grow normally and are similar to
wild type plants, but the accumulation of Cu is altered in senescent leaves and dry seeds.
Cu hyperaccumulates in senescent leaves but is reduced in seeds. The concentrations of
other nutrients in MT-deficient mutants are largely unchanged as shown in Table 2.3 and
Table 2.4. While there are some differences, these are not observed consistently across
different experiments.
The results showed that deficiency in single MT genes (MT1a, MT2a, MT2b,
MT3) caused a small difference in Cu accumulation in seeds but had no effect on metal
content in leaves. Thus, these MT proteins could have redundant functions. The loss-offunction of a particular MT could be compensated by other MTs expressed in the same
organs under the same conditions. Therefore, development of a quadruple mutant
impaired in all 4 MTs was necessary in order to demonstrate that MTs have a role in Cu
homeostasis. Triple mutants lacking both MT1a and MT2b also show phenotypes in
senescent leaves and seeds similar to what is observed in the quadruple mutant. Study of
GUS expression driven by Arabidopsis MT promoters showed that MT1a and MT2b are
expressed in phloem of all organs (Guo et al., 2003). If MT1a and MT2b play roles in
phloem transport, deficiency in these two MTs could affect distribution of Cu from the
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vascular tissues to leaf tissues and developing seeds, leading to the altered Cu
accumulation in leaves and seeds.
It has been reported that Arabidopsis oligopeptide transporter (OPT) mutant,
opt3-2, exhibits a root Fe deficiency response regardless of exogenous Fe supply,
resulting in overaccumulation of Fe, Mn, Zn and Cu in rosette leaves, stems and siliques,
but reduced Fe in seeds (Stacey et al., 2008). One possibility is that the lack of MTs may
trigger a similar metal deficiency response in roots, resulting in increased Cu uptake in
roots and high accumulation in shoots. However, if this hypothesis were true, one would
expect to observe overaccumulation of Cu in other above-ground organs. Interestingly,
the quadruple mutant accumulated Cu in roots similar to wild type and the total amount
of Cu in above-ground tissues (rosette leaves, stems, cauline leaves, siliques) was not
affected (Figure 2.6). Lack of MTs affects only Cu content in rosette leaves and siliques
including seeds. Moreover, Cu transporter genes (COPT1, COPT2) in roots of the
quadruple mutant did not show a Cu deficiency response under Cu sufficient conditions
(see Figure 3.25 root-control in Chapter 3). This result suggests that metal uptake in
quadruple mutant roots is unaffected under Cu sufficient conditions. Increased Cu
accumulation in senescent leaves and reduced Cu storage in seeds is likely to be an
outcome of abnormal Cu distribution in specific organs.
2.4.2. Roles of MTs in vegetative tissues
There are two possible mechanisms accounting for high Cu accumulation in
senescing leaves of the quadruple mutant. First, lack of MTs may increase influx stream
of Cu from roots into leaves. Second, without MTs the ability to remobilize Cu out of
senescing leaves may be reduced. The stable isotope experiment showed that after
transferring to natural Cu medium (70%

63

Cu, 30%

65

Cu), both wild type and mutant

leaves kept accumulating Cu in a similar manner, with 44.7 %

63

Cu in wild type and

43.7% 63Cu in the mutant (Figure 2.15). If the Cu influx in quadruple mutant leaves was
increased, the percentage of 63Cu in senescent leaves of the quadruple mutant would have
been higher than that observed in the wild type. Several lines of evidence indicates that
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some metals are mobilized out of the leaf tissues during senescence (Himelblau and
Amasino, 2001; Waters and Grusak, 2008). In my experiments, Cu content in wild type
leaves declined as the leaves enter senescence program, while Cu increased in leaves of
the quadruple mutant (Figure 2.8, Figure 2.9, Figure 2.10, Figure 2.14). The result
observed in the wild type indicates there is remobilization during leaf senescence. Similar
results have been reported by Dr. Matheus Benatti (Benatti, 2010). It should be noted that
all 4 MT genes are highly expressed in senescing leaves (Guo et al., 2003). This suggests
that MTs are involved in regulation of Cu distribution in the leaf tissues, especially while
the leaves are senescing. During the senescence program, MTs may protect the cell from
metal toxicity by binding free Cu released from Cu-requiring proteins during proteolysis.
MTs may also deliver Cu to other proteins that are involved in transport of Cu out of the
leaves. Without MTs, the remobilization process in senescing leaves may be impaired,
causing hyperaccumulation of Cu in the leaves (see a model in Figure 2.20).
It is interesting that Arabidopsis plants deficient in the Cu-nicotianamine (Cu-NA)
transporters YSL1 and YSL3 together have high Cu concentration in leaves but low
concentration in seeds (Waters et al., 2006; Chu et al., 2010), which is similar to the
phenotype observed in the quadruple mutant plants. In rice, knockout of YSL16 results in
a higher Cu concentration in older leaves (Zheng et al., 2012). A labeling experiment
with

65

Cu-NA showed that 5.8% of total

65

Cu fed in older leaves was mobilized to the

youngest leaves in wild type plants, but this redistribution was greatly reduced in the
ysl16 mutant (Zheng et al., 2012). YSL1 and YSL3 were proposed to function in
delivering metals to and from vascular tissues (Waters et al., 2006). The similar
phenotype between ysl1/ysl3 and quadruple mutant suggests that YSLs and MTs may
function together. Studies of protein interaction between the YSLs and MTs may provide
more understanding about the physiological functions of MTs.
RNA expression analysis showed that COPT2 and YSL2 are downregulated in
rosette leaves of quadruple mutant plants at 6 weeks after sowing (Figure 2.12). COPT2
is a membrane transporter facilitating Cu import into the cell. COPT2 RNA is highly
expressed in leaves and its expression is reduced under Cu excess (Sancenon et al.,
2003). YSL2 transports Fe and Cu in vascular tissues when these metals are chelated by
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NA (DiDonato et al., 2004). Decreased transcript levels of COPT2 and YSL2 in quadruple
mutant leaves is consistent with the high Cu concentration in this tissue. In contrast,
HMA5 RNA is elevated in 5 and 6-week-old leaves of quadruple mutant. HMA5 is a Ptype ATPase transporter that has been proposed to function in Cu detoxification. HMA5
expression is strongly induced by Cu in whole plants (Andres-Colas et al., 2006). Hence,
while Cu accumulation increases in the leaves of, COPT2 is down-regulated to reduce
additional Cu uptake into the cell, and HMA5 is up-regulated to reduce Cu toxicity by
enhancing Cu export out of the cell. Additionally, CSD1 is up-regulated at 5 and 6 weeks,
and FSD1 is down-regulated at 6 weeks. These reciprocal changes also demonstrate how
the quadruple mutant responds to the overaccumulation of Cu in leaves. Taken together,
the alterations of gene expression explain how the quadruple mutant maintains Cu
homeostasis and prevents Cu toxicity under the high Cu environment in its leaves.
However, these findings do not explain why the lack of MTs causes hyperaccumulation
of Cu in the senescent leaves.
RNA expression of intracellular Cu transporters HMA1, PAA1 and RAN1, and the
Cu chaperones CCS1 and ATX1, does not change in the mutant leaves at any stage. This
suggests that even though the mutant leaves accumulate more Cu, these intracellular
proteins are not affected. Furthermore, plants also maintain Cu concentration at cellular
level by the activity of cell membrane transporters COPT2, YSL2, and HMA5. Elevated
Cu content in leaves measured by ICP-MS might be extracellular Cu that has been
pumped out of the cell by HMA5. This Cu may accumulate outside the cell in the cell
wall or intercellular space.
RNA expression of YSL1 and YSL3 in the quadruple mutant is not different from
wild type. YSL1 and YSL3 are metal-NA transporters that most likely transport Fe-NA
complex across the plasmamembrane. Consistent expression of YSL1 and YSL3 in
quadruple mutant leaves compared to wild type indicates that these transporters are not
Cu regulated under Cu sufficiency. However, YSL3 expression was induced under Cu
deficiency (Bernal et al., 2012).
Interestingly, I found the downregulation of CSD1 and the upregulation of FSD1
in juvenile leaves (rosette leaves at week 3) of the quadruple mutant. This is in contrast
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with gene expression in leaves at week 5 and 6 where the expression is altered due to
high Cu concentration (Figure 2.13). Analysis of metal content in rosette leaves of
quadruple mutant at 3 weeks showed a similar concentration of Cu as wild type and no
evidence of Cu deficiency symptoms. Cu concentration at 2 and 3 weeks is not
significantly different from wild type (Figure 2.8). It is possible that without MTs the
young leaves behave as though they are Cu deficient. MTs could be a Cu reservoir in the
cell that supplies Cu to Cu-requiring proteins. Lack of MTs might disrupt the intracellular
Cu trafficking system. Thus, even though there is sufficient Cu in the leaf tissues, Cu
cannot be delivered to those Cu-requiring proteins. Nevertheless, this deficiency does not
reach a critical level because RNA expression of Cu transporters that usually respond to
Cu deficiency is not altered. It should be noted that Arabidopsis plants at 3 weeks are in
the transition from juvenile stage to mature stage. After 3 weeks the plants will increase
biomass rapidly and the leaves will dramatically expand. During this transition leaves
will require more nutrients. MTs might be involved in sensing Cu levels in the leaves.
The lack of MTs in the leaves at this stage might trigger a “Cu deficiency signal” causing
the alteration of CSD1 and FSD1 gene expression. However, once the mature leaves have
acquired enough Cu and the leaves have entered senescence program, Cu needs to be
mobilized to other organs. Again, there are no MTs to facilitate the remobilization
resulting in retention of Cu in senescing leaves (see a model in Figure 2.20).
2.4.3. Role of MTs in reproductive tissues
It has been reported that most of the Fe, Mn and Cu that end up in Arabidopsis
seeds are taken up from the roots and transported to the seeds via vascular system, yet
some of the metals are also remobilized from vegetative tissues (Waters and Grusak,
2008). Since the quadruple mutant accumulates less Cu in seeds, it is interesting to
investigate the sources of Cu available for developing seeds. In this research, I used
stable isotopes to monitor the sources of Cu accumulated in seeds. Recall that Cu
naturally consists of 70%

63

Cu and 30%

65

Cu. Therefore, if all of the Cu in seeds came

directly from the nutrient solution, the seeds would contain 70% 63Cu. The percentage of
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Cu in wild type and quadruple mutant seeds was 57.4 and 59.4, respectively. This result

indicates that most of the Cu deposited in seeds comes from direct uptake through
vasculature although some Cu in seeds comes from remobilization within the plants.
Both long-distance transport from leaves and roots, and shorter-range
translocation within reproductive tissues are essential for metal loading into developing
seeds. Defects in either process may affect seed metal content. High Cu accumulation in
senescent rosette leaves and low Cu content in seeds has raised the hypothesis that MTs
are involved in long distance transport of Cu from senescing leaves to seeds. However,
the grafting experiment indicates that the two traits are not connected. I found that short
range translocation of Cu in reproductive tissues is more important for Cu accumulation
in mutant seeds than remobilization from senescing leaves (Figure 2.18). Thus, while
MTs may be important for Cu remobilization from senescing leaves, it is not critical for
supplying Cu to seeds as long as there is Cu available from roots. MTs are however
critical for metal translocation from stems into reproductive tissues or Cu unloading from
maternal tissues into developing seeds (Figure 2.20).
Although the quadruple mutant develops normal reproductive organs compared to
the wild type, metal analysis reveals low accumulation of Cu not only in seeds but also in
flowers. This could be caused by misregulation of Cu unloading into reproductive organs
during flower development and may continue throughout seed development. Examination
of MT expression using the GUS reporter gene fused with MT promoters has shown that
Arabidopsis MT1a, MT2a, MT2b and MT3 are highly expressed at the base of the carpels,
which is adjacent to floral peduncles. MTs are continuously expressed in this tissue even
when the carpels develop into fruit organs (Guo et al., 2003). Thus, MTs may function in
Cu translocation from the stems to flower and seed tissues. Further research to understand
the mechanism of how MTs are involved in seed metal unloading, especially the
connection between MTs and YSLs should be a priority.
In conclusion, I propose that under Cu sufficient conditions, MTs function in Cu
remobilization during leaf senescence and Cu translocation into reproductive organs.
However, these two phenomena are independent from each other.
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Table 2.1. Information of Arabidopsis T-DNA insertion lines used in this study.
Genes
MT1a
MT2a
MT2b
MT3
1

Alleles
mt1a-2
mt2a-1
mt2b-1
3
mt3-1

Accession number
Salk_76355
Salk_59712
Salk_37601
FLAG_354B05

Insertion site1
+19
-138
+18
+342

BC2
3
2
3
3

The insertion site given is relative to the translational start site: “-” indicates upstream in
the promoter, and “+” indicates downstream to the start codon.
2
BC indicates numbers of backcrosses to Columbia wild type.
3
This insertion was developed in the WS ecotype. All others were developed in Col-0.
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Table 2.2. MT T-DNA insertion mutants used in this study.
Mutants
Singles

Cross/backcross description

Mt1a-2
Mt2a-1
Mt2b-1
Mt3-1
Triples

Backcrossed 3x
Backcrossed 2x
Backcrossed 3x
Backcrossed 3x

mt1a-2/mt2a-1/mt2b-1

Cross between non-backcrossed mt1a-2 and mt2a-1

mt1a-2/mt2a-1/mt3-1

Recovered form F2 progeny of a cross between
mt1a-2/mt2a-1/mt2b-1 and mt1a-2/mt2b-1/mt3-1
Cross between non-backcrossed mt1a-2/mt2b-1 and
mt3-1
Recovered from F2 progeny of a cross between
mt1a-2/mt2a-1/mt2b-1 and mt1a-2/mt2b-1/mt3-1

mt1a-2/mt2b-1/mt3-1
mt2a-1/mt2b-1/mt3-1
Quadruple
mt1a-2/mt2a-1/mt2b-1/mt3-1

Cross between mt1a-2/mt2a-1/mt2b-1 and mt1a2/mt2b-1/mt3-1
Backcrossed 3x
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Figure 2.1. T-DNA insertions in Arabidopsis used for characterization of MT genes.
The insertion site given is relative to the translational start site: “-” indicates upstream in
the promoter; “+” indicates the initiation of the start codon. The black boxes represent the
exons.
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Figure 2.2. MT gene expression in the MT-deficient mutants.
RT-PCR analysis of MT gene expression in wild type (WT), single mutants (mt1a, mt2a,
mt2b, mt3), triple mutants (mt1a/mt2a/mt2b, mt1a/mt2a/mt3, mt1a/mt2b/mt3,
mt2a/mt2b/mt3) and quadruple mutant (mt1a/mt2a/mt2b/mt3). cDNA was prepared from
8-day-old Arabidopsis seedlings grown on half-strength MS solid medium. Primers used
are as follows: W48 and W49 for MT1ac (MT1a and MT1c), W55 and W56 for MT1c, 20
and 21 for MT2a, W19 and W20 for MT2b, 42 and 43 for MT3, and 36 and 37 for
ACT2/8. The number of PCR cycles was 25 cycles for MT1ac, 36 cycles for MT1c,
MT2b, and MT3, 31 cycles for MT2a, and 33 cycles for ACT2/8. PCR products amplified
with MT1ac primers were also digested with BglII (3rd row) to distinguish between the
PCR products from MT1a (larger fragment) and MT1c (smaller fragment). When the
mt1a allele is homozygous, only the smaller PCR fragment derived from the MT1c
transcript is detected. ACT2/8 expression was used as an internal control.
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Figure 2.3. Quantitative RT-PCR analysis of MT1a and MT1c transcript level in
wild type (WT) and quadruple MT-deficient mutant (quad).
Relative transcript level of MT1a and MT1c (A), and the percentage of relative transcript
level (B). Leaves of 4-week-old plants grown in soil were harvested for RNA extraction.
To distinguish the transcript level of MT1a and MT1c, primers that can amplify both
MT1a and MT1c (AtMT1acF, AtMT1acR), and the specific primers that target only
MT1c (AtMT1cF, AtMT1cR) were employed. The transcript level was normalized with
ACT2 gene. The data presented are means ± SE of 4 replicates. Significant differences
from WT determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01)
asterisks.
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Figure 2.4. Metal accumulation in senescent leaves and seeds of wild type (WT) and
quadruple MT-deficient mutant (quad).
Senescent leaves and seeds of wild type and quadruple mutant were collected from
Arabidopsis plants grown in soil for 12 weeks under 16-hour light photoperiod. The
concentrations of Cu and other metal ions in leaves were determined by inductively
coupled plasma mass spectrometry (ICP-MS). The data presented are means ± SE of 6
replicates. Significant differences from WT determined by Student’s t test are indicated
by one (p<0.05) or two (p<0.01) asterisks.
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Table 2.3. Metal ion content in senescent leaves and seeds of wild type and
quadruple MT-deficient mutant plants grown in soil.
Metal ion content (µg/g DW)
Element

Genotype

Li
B
Na
Mg
P
S
K
Ca
Mn
Fe
Co
Ni

Senescent leaves

Seeds

WT

47.1

1.2

quad

40.9

1.7

WT

99.0

9.1

quad

87.5

12.2**

WT

4859.7

79.0

quad

5620.8

108.0

WT

14571.5

3838.7

quad

14383.0

4441.3**

WT

4365.2

9405.7

quad

7044.3**

9634.0

WT

8963.7

11544.2

quad

12158.5*

11966.3

WT

18340.3

11849.3

quad

13400.0

12391.3

WT

44780.7

4419.7

quad

44638.2

5635.0**

WT

1193.7

128.4

quad

961.0

143.6

WT

153.2

46.2

quad

201.7

49.1

WT

4.2

0.3

quad

4.1

0.4

WT

3.4

0.7

quad

3.9

0.8
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Table 2.3. Continued

Element

Genotype

Cu
Zn
Rb
Sr
Mo
Cd

Metal ion content (µg/g DW)
Senescent leaves

Seeds

WT

6.8

13.2

quad

41.9**

4.1**

WT

167.7

81.5

quad

194.7

82.9

WT

5.3

3.5

quad

3.6

3.6

WT

126.4

8.4

quad

131.3

11.6**

WT

32.6

1.9

quad

36.5

1.9

WT

2.0

0.1

quad

2.0

0.1

Wild type and quadruple MT-deficient mutant plants grown in soil for 12 weeks. Rosette
leaves and seeds were harvested and analyzed metal contents by ICP-MS. The data
presented are means ± SE of 6 replicates. Significant differences from the wild type
determined by student’s t test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 2.5. Cu accumulation in senescent leaves and seeds of wild type (WT), single,
triple and quadruple MT-deficient mutant (quad).
Accumulation of Cu in senescent leaves and seeds of single mutants (mt1a, mt2a, mt2a,
mt3) compared to WT and quad (A), and senescent leaves and seeds of triple mutants
(mt1a/mt2a/mt2b, mt1a/mt2a/mt3, mt1a/mt2b/mt3, mt2a/mt2b/mt3) compared to WT and
quad (B). Tissues were collected from Arabidopsis plants grown in soil for 12 weeks
under 16-hour light photoperiod. The concentrations of Cu and other metal ions in leaves
and seeds were determined by inductively coupled plasma mass spectrometry (ICP-MS).
The data presented are means ± SE of 6 replicates. Multiple comparisons between
genotypes were determined by ANOVA (tukey method) and significant differences
(p<0.05) are indicated by different letters.
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Table 2.4. Metal ion content in senescent leaves and seeds of wild type, single
mutants, triple mutants and quadruple mutants grown in soil.

Element

Li

B

Na

Mg

Genotype
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3

Metal ion content (µg/g DW)
Senescent leaves
Seeds
37.34
1.41
41.29
1.49
42.80
1.49
46.89
1.50
38.00
1.42
41.58
0.77**
45.75
1.34
46.39
0.97
34.58
1.04
32.58
0.98
73.55
7.73
76.56
7.30
82.31
7.90
79.41
8.47
61.54
8.79
65.61
8.85
84.76
10.59**
76.39
10.05**
58.22*
8.09
66.03
7.57
938.48
41.81
1136.46
45.89
1302.13
48.09
1138.52
47.10
2772.60
53.68
1504.78
44.54
1019.46
39.99
1664.77
47.03
1591.86
30.07
1548.99
36.23
1.17E+04
3041.82
1.43E+04
3306.34
1.45E+04
3177.82
1.41E+04
2988.54
1.64E+04
3031.84
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Table 2.4. Continued
Element

Mg

P

S

K

Ca

Genotype
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a

Metal ion content (µg/g DW)
Senescent leaves
Seeds
1.39E+04
2784.64
1.54E+04
3104.09
1.67E+04
3114.22
1.51E+04
3355.70*
1.29E+04
3374.85*
2862.36
6762.66
2498.27
7007.65
2364.39
6791.71
2487.90
6588.28
1522.99**
6475.84
1946.48*
6590.28
2172.24
6530.82
2341.50
6800.30
2464.62
6769.71
2556.76
7003.54
5618.91
9135.82
3898.31
9000.67
4042.28
8553.40
4166.23
8254.45
7404.43
9579.26
5697.42
6443.08**
4623.43
7972.26
4198.75
7630.87*
7037.14
10524.40*
6594.93
9330.71
1.64E+04
11645.51
1.35E+04
10580.41
1.40E+04
9937.16**
1.54E+04
9794.41**
1.52E+04
6424.76**
1.60E+04
8743.10**
1.19E+04
9553.04**
1.07E+04
8985.98**
7555.44
10041.99**
7539.66
10308.34*
3.33E+04
2270.97
3.73E+04
2708.35

57
Table 2.4. Continued
Element

Ca

Mn

Fe

Co

Genotype
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3

Metal ion content (µg/g DW)
Senescent leaves
Seeds
3.71E+04
2778.85
3.76E+04
2665.60
3.82E+04
4384.68**
3.48E+04
3103.89**
4.01E+04
2892.53**
4.17E+04
2940.23*
3.71E+04
2660.53
3.60E+04
2890.72*
668.96
69.15
605.00
61.73
585.45
58.65
632.38
55.82
655.54
95.47**
765.58
60.72
733.59
60.37
658.03
53.02
529.03
65.14
636.40
64.43
116.99
17.10
133.90
19.28
124.96
19.25
128.74
18.60
146.85
23.57**
135.33
20.46**
162.32
19.67
142.44
18.93
159.91
18.64
128.13
18.71
2.01
0.08
1.90
0.07
2.20
0.08
2.22
0.09
2.00
0.16**
2.47
0.11
2.49
0.08
2.65
0.10
2.18
0.09
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Table 2.4. Continued
Element

Genotype

Co

quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b

Ni

Cu

Zn

Rb

Metal ion content (µg/g DW)
Senescent leaves
Seeds
2.38
0.08
1.74
0.17
2.16
0.16
1.69
0.17
2.88
0.19
2.74
0.26**
2.46
0.18
2.04
0.17
2.06
0.18
2.16
0.19
1.77
0.19
5.45
7.26
7.09
4.60**
7.36
5.59**
6.24
5.23**
7.25
5.20**
10.08**
2.40**
5.98
5.01
17.54**
2.65**
11.28**
6.82
20.65**
1.53
160.18
49.91
143.14
39.00
134.41
39.24
147.14
37.69*
133.74
42.76
133.42
40.47
165.78
40.96
180.79
38.10*
156.69
41.81
166.41
42.25
10.11
8.49
8.75
8.26
8.99
8.03
8.79
7.64
8.57
5.84**
10.65
7.91
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Table 2.4. Continued
Element

Sr

Mo

Cd

Genotype
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad
WT
mt1a
mt2a
mt2b
mt3
mt1a/mt2a/mt2b
mt1a/mt2a/mt3
mt1a/mt2b/mt3
mt2a/mt2b/mt3
quad

Metal ion content (µg/g DW)
Senescent leaves
Seeds
7.99
7.53
6.76
7.16**
5.13**
7.34**
4.66**
7.32**
63.83
1.35
73.69
1.91
71.77
2.24
72.90
2.20
76.62
5.53**
66.91
3.06**
75.14
2.25
82.16*
2.64*
77.43
2.12
75.59
2.44
45.99
2.29
50.06
2.23
48.07
2.03
55.36
2.06
16.07**
1.68*
19.06**
1.84
44.73
1.94
48.81
1.77
49.93
1.94
52.81
1.99
2.46
0.17
1.85
0.11**
1.84
0.09**
1.97
0.09**
2.14
0.14
2.70
0.08**
2.22
0.09**
2.40
0.07**
2.24
0.16
2.28
0.08**

Arabidopsis plants were grown in soil for 12 weeks. Rosette leaves and seeds were
harvested. Metal ion concentrations were analyzed by ICP-MS. The data presented are
means ± SE of 6 replicates. Significant differences from the wild type determined by
ANOVA (Post Hoc Multiple Comparisons, tukey method) are indicated by one (p<0.05)
or two (p<0.01) asterisks.
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Figure 2.6. Metal accumulation in various tissues of wild type (WT) and quadruple
MT-deficient mutant (quad).
Metal accumulation in various tissues including rosette leaves, stems, cauline leaves,
siliques including seeds, and hypocotyls and roots. Arabidopsis plants were grown in soil
for 7 weeks under 16-hour light photoperiod. Metal ions in plant tissues were analyzed by
inductively coupled plasma mass spectrometry (ICP-MS). The data presented are the
means ± SE of 6 replicates. Significant differences from WT determined by Student’s
t test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 2.7. Dry weight of various above-ground tissues of wild type (WT) and
quadruple MT-deficient mutant (quad).
Dry weight of various above-ground organs including rosette leaves, stems, cauline
leaves, and siliques including seeds. Arabidopsis plants were grown in soil for 7 weeks
under 16-hour light photoperiod. The data presented are the means ± SE of 6 replicates.
Significant differences from WT determined by Student’s t test are indicated by one
(p<0.05) or two (p<0.01) asterisks.
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Figure 2.8. Metal accumulation in rosette leaves of Arabidopsis plants at different
stages of growth.
Metal accumulation in rosette leaves of wild type (WT) and quadruple MT-deficient
mutant (quad). Arabidopsis plants were grown in soil under 16-hour light photoperiod
without additional fertilization to prevent the variation of metal concentration in soil
between each harvesting time point. Leaf tissues were harvested at 2, 3, 4, 5, and 6 weeks
of growth. The concentrations of Cu and other metal ions in leaves were determined by
inductively coupled plasma mass spectrometry (ICP-MS). The data presented are the
means ± SE of 6 replicates. Leaves from 30 plants were pooled for each replicate at 2
weeks, 6 plants for each replicate at 3 weeks, 2 plants for each replicate at 4 weeks, and
single plants for each replicate at 5 and 6 weeks. Significant differences from WT
determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 2.9. Metal accumulation in various leaves during late vegetative stage of
Arabidopsis plants.
Metal accumulation in various leaves of 5-week-old wild type (WT) and quadruple MTdeficient mutant (quad). Plants were grown in soil for 5 weeks under 16-hour light
photoperiod. Rosette leaves were harvested and divided into 4 groups based on the stage
of development (A). Metal accumulation was analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) (B). The data presented are the means ± SE of 6 replicates.
Leaf tissues from 2 plants were pooled for each biological replicate. Significant
differences from WT determined by Student’s t test are indicated by one (p<0.05) or two
(p<0.01) asterisks. Bar = 10 mm.
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Figure 2.10. Metal accumulation in mature leaves and senescent leaves of wild type
(WT) and quadruple MT-deficient mutant (quad).
Development of rosette leaves at 7 and 9 weeks (A). Plants were grown in soil under 12hour light photoperiod. At 7 weeks and 9 weeks leaves 7, 8, 9 were collected for metal
analysis (B). The distal 1.5 cm from the tip of each leaf was collected and leaf samples
from 3 plants were pooled for each replicate. The data presented are the means ± SE of 6
replicates. Significant differences from the wild type determined by student’s t test
indicated by one (p<0.05) or two (p<0.01) asterisks. Bar = 10 mm.
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Figure 2.11. RNA expression of genes involved in Cu homeostasis in leaves of wild
type (WT) and quadruple MT-deficient mutant (quad).
RT-PCR analysis of Cu responsive genes in leaves of wild type and quadruple MTdeficient mutant. Plants were grown in soil under 16-hour light photoperiod. Rosette
leaves were harvested at 3, 4, 5 and 6 weeks. Equal amount of RNA from 5 individual
plants were pooled to produce cDNA. RNA expression of ubiquitin conjugating enzyme
(UBC) was used as a control. The number of PCR cycles was 28 cycles for COPT1,
COPT2, ZIP4, HMA1, HMA6, HMA7, YSL3, ATX1, CCS1, CSD1, FSD1, and UBC, and
30 cycles for HMA5, YSL1, and YSL2.
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Figure 2.12. RNA expression of Cu transporter genes in developing leaves and stems
of wild type (WT) and quadruple MT-deficient mutant (quad).
RNA expression of COPT2, YSL2 and HMA5 in leaves and stem of wild type and
quadruple MT-deficient mutant. Plants were grown in soil under 16-hour light
photoperiod. RNA was isolated from rosette leaves at 3, 4, 5, and 6 weeks, and young
stems at 6 weeks. RNA expression was quantified by Q-RT PCR and normalized by UBC
and ACT2 genes. The data presented are the means ± SE of 4 replicates. Significant
differences from the wild type were determined by Student’s t test and are indicated by
one (p<0.05) or two (p<0.01) asterisks.
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Figure 2.13. RNA expression of superoxide dismutase genes in developing leaves and
stems of wild-type (WT) and quadruple MT-deficient mutant (quad).
RNA expression of CSD1 (Cu/ZnSOD) and FSD1 (FeSOD) in leaves and stem of wild
type and quadruple MT-deficient mutant. Plants were grown in soil under 16-hour light
photoperiod. RNA was isolated from rosette leaves at 3, 4, 5, and 6 weeks, and young
stems at 6 weeks. RNA expression was quantified by Q-RT PCR and normalized by UBC
and ACT2 genes. The data presented are the means ± SE of 4 replicates. Significant
differences from the wild type were determined by Student’s t test and are indicated by
one (p<0.05) or two (p<0.01) asterisks.
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Figure 2.14. Accumulation of Cu in young leaves, senescent leaves, and seeds of wild
type (WT) and quadruple MT-deficient mutant (quad).
Cu content in young leaves, senescent leaves and seeds of hydroponic-grown wild type
and quadruple MT-deficient mutant plants. Arabidopsis plants were grown
hydroponically in 65Cu-enriched medium (97% 65Cu, 3% 63Cu) for 4 weeks. Primary
flower stems were removed to promote vegetative growth. When the first flowers opened
on new stems, plants were switched to medium containing natural Cu (70% 63Cu, 30%
65
Cu). Plants were grown under this condition until they completed their life cycle at 12
weeks. Leaves from 4-week-old plants (young leaves), and senescent leaves and seeds
from 12-week-old plants, were harvested and the abundance of Cu isotopes was
determined by ICP-MS. The data presented are the means ± SE of 5-7 replicates.
Significant differences from the wild type determined by student’s t test indicated by one
(p<0.05) or two (p<0.01) asterisks.
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Table 2.5. Accumulation of selected metals in leaves and seed tissues of wild type
(WT) and quadruple MT-deficient mutant (quad) plants from stable isotope
experiment.

Elements
Mn
Fe
Cu
Zn

Genotypes
WT
quad
WT
quad
WT
quad
WT
quad

Metal ion content (µg/g DW)
Young leaves
Senescent leaves
76.9
130.6
75.6
122.5
238.5
242.1
194.6
254.1
4.3
1.9
6.2
7.5**
73.8
45.4
79.6
61.4*

Seeds
23.1
23.8
109.3
153.2
3.3
1.5**
52.2
53.4

Mn, Fe, Cu and Zn content in young leaves, senescent leaves and seeds of wild type and
quadruple MT-deficient mutant. Arabidopsis plants were grown hydroponically in 65Cuenriched medium (97% 65Cu, 3% 63Cu) for 4 weeks. Primary flower stems were removed
to promote vegetative growth. When the first flowers opened on new stems, plants were
switched to medium containing natural Cu (70% 63Cu, 30% 65Cu). Plants were grown
under this condition until they completed their life cycle at 12 weeks. Leaves from 4week-old plants (young leaves), and senescent leaves and seeds from 12-week-old plants,
were harvested and the abundance of Cu isotopes was determined by ICP-MS. The data
presented are the means ± SE of 5-7 replicates. Significant differences from the wild type
determined by student’s t test indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 2.15. Percentage of 63Cu stable isotope accumulated in young leaves,
senescent leaves, and seeds of wild type (WT) and quadruple MT-deficient mutant
(quad).
Percentage of 63Cu isotope in young leaves, senescent leaves and seeds of wild type and
quadruple MT-deficient mutant plants. Arabidopsis plants were grown hydroponically in
65
Cu-enriched medium (97% 65Cu, 3% 63Cu) for 4 weeks. Primary flower stems were
removed to promote vegetative growth. When the first flowers opened on new stems,
plants were switched to medium containing natural Cu (70% 63Cu, 30% 65Cu). Plants
were grown under this condition until they completed their life cycle at 12 weeks. Leaves
from 4-week-old plants (young leaves), and senescent leaves and seeds from 12-week-old
plants, were harvested and the abundance of Cu isotopes was determined by ICP-MS.
The data presented are the means ± SE of 5-7 replicates. Significant differences from the
wild type determined by student’s t test indicated by one (p<0.05) or two (p<0.01)
asterisks.
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Figure 2.16. Seed weight of inflorescence-grafted plants.
Average weight of seeds obtained from inflorescence-grafted plants. The data presented
are the means ± SE of 10 biological replicates. Each replicate is the seeds harvested from
individual grafted plant. Multiple comparisons were determined by ANOVA (tukey
method) and significant differences (p<0.05) are indicated by different letters. WT/WT
and quad/quad represent the self-grafted plants. WT/quad represents wild type
inflorescences grafted onto mutant rosettes, and quad/WT represents mutant
inflorescences grafted onto wild type rosettes.
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Figure 2.17. Germination rate of seeds harvested from inflorescence-grafted plants.
A diagram shows germination rate of seeds obtained from grafted inflorescences. Seeds
were germinated on half-strength MS agar plates under sterile conditions. The data
presented are the means ± SE of 4 replicates and the batch of 30 seeds per replicate was
used in the analysis. Germination was determined as emergence of the radicle after 24
hours, 48 hours and 72 hours. Multiple comparisons were determined by ANOVA (tukey
method) and significant differences (p<0.05) are indicated by different letters. WT/WT
and quad/quad represent the self-grafted plants. WT/quad represents wild type
inflorescences grafted onto mutant rosettes, and quad/WT represents mutant
inflorescences grafted onto wild type rosettes.
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Figure 2.18. Metal accumulation in senescent leaves and seeds of inflorescencegrafted plants.
Concentration of Cu, Zn, Fe and Mn in senescent leaves and seeds of grafted Arabidopsis
plants. Plants were grown in soil under 12-hour light intensity for 7 weeks until the
inflorescence stem emerged. After grafting, light intensity was switched to 16 hours to
stimulate flowering. Senescent leaves and dry seeds from grafted plants were harvested at
8 weeks after grafting and analyzed by inductively coupled plasma mass spectrometry
(ICP-MS). The data presented are the means ± SE of 6 replicates. Multiple comparisons
were determined by ANOVA (tukey method) and significant differences (p<0.05) are
indicated by different letters. WT/WT and quad/quad represent the self-grafted plants.
WT/quad represents wild type inflorescences grafted onto mutant rosettes, and quad/WT
represents mutant inflorescences grafted onto wild type rosettes.
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Figure 2.19. Metal accumulation in reproductive tissues of wild type (WT) and
quadruple MT-deficient mutant (quad).
Metal accumulation in flowers, hulls and dry seeds of wild type and quadruple MTdeficient mutant. Plants were grown in soil under 16-hour light photoperiod. Fully
opened flowers were harvested at 7 weeks and the flowers from 3 plants were pooled for
each replicate. Dry hulls and seeds were harvested at 12 weeks and samples from
individual plant were counted as each replicate. Metal concentration was analyzed by
inductively coupled plasma mass spectrometry (ICP-MS). The data presented are the
means ± SE of 6 replicates. Significant differences from WT determined by Student’s t
test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 2.20. The proposed functions of MTs in Arabidopsis under Cu sufficient
conditions.
In leaves, MTs are involved in Cu remobilization from senescing leaves to other organs
during senescence program. Reduced remobilization of Cu from leaves in the quadruple
mutant results in elevated Cu accumulation in the leaves. In seeds, MTs function in Cu
translocation from stems or maternal tissues into seeds. Therefore, the lack of MTs
results in low accumulation of Cu in seeds.
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CHAPTER 3.
CHARACTERIZATION OF ARABIDOPSIS METALLOTHIONEIN-DEFICIENT
MUTANTS UNDER COPPER DEFICIENT CONDITIONS

3.1. Introduction
As described in the previous chapters Cu is an essential transition metal required
for several processes in plants, and deficiency of this metal will affect plant growth and
development. The optimal concentration of Cu in plants ranges from 5 to 20 µg.g-1 dry
weight. Deficiency symptoms appear when the Cu concentration is lower than 5 µg.g-1
DW in vegetative tissues (Marschner, 1995).
Cu deficiency has been found throughout the world in many agricultural areas and
is more likely in certain soil types, especially sandy soils, soils rich in organic matter, and
calcareous soils (Shorrocks and Alloway, 1988). Susceptibility to Cu deficiency varies
among plant species. In general, wheat, rice, oats and tobacco are highly susceptible to
Cu deficiency, whereas barley, tomato and maize show moderate susceptibility. Crops
such as rye, soybean, asparagus, peas and lupine are low susceptible species (Shorrocks
and Alloway, 1988).
Typical symptoms of Cu deficiency appear first at the tips of young leaves and
then extend downward along the leaf margins. The leaf may be distorted or malformed
and show chlorosis and necrosis. Deficiency in Cu can damage meristems and affect
apical development. Since Cu is crucial for oxidases involved in lignin synthesis,
deficiency has a severe effect on vascular tissue formation, pollen viability, and fruit and
seed development (Marschner, 1995; Epstein and Bloom, 2005). Plastocyanin is another
major target affected by Cu deficiency. Lack of Cu reduces photosystem I (PSI) electron
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transport due to the reduced formation of plastocyanin (Shikanai et al., 2003). In
Chlamydomonas reinhardtii, plastocyanin purified from cells cultured in Cu-deficient
medium is susceptible to in vitro proteolysis. With sufficient metal supply, Cu probably
stabilizes folding of plastocyanin, making it resistant to degradation by proteases (Li and
Merchant, 1995). Cu deficiency may also affect photosystem II (PSII) activity by
changing redox state of electron acceptor via the alteration of the protein and/or lipid
composition in thylakoid membranes (Droppa et al., 1987).
Plants respond to Cu deficiency by modifying the allocation of Cu so it is
efficiently utilized under limited sources. For instance, in the unicellular green alga C.
reinhardtii, the function of plastocyanin is replaced by cytochrome c6, which uses iron as
a cofactor rather than copper (Merchant et al., 1991). The Arabidopsis genome does not
encode an ortholog of the algal cytochrome c6 (Weigel et al., 2003). However,
Arabidopsis switches isoforms of superoxide dismutase to adapt to Cu deficiency. When
Arabidopsis plants are exposed to low Cu conditions, FeSOD (FSD1) is expressed while
the Cu/ZnSOD (CSD1 and CSD2) is suppressed so that the limited supply of Cu is
available for other important proteins such as plastocyanin (Abdel-Ghany et al., 2005;
Cohu and Pilon, 2007). This regulation of SODs is acheived by microRNA (Yamasaki et
al., 2007). miR398 is expressed only under Cu deficiency and catalyzes the degradation
of CSD1 and CSD2 transcripts.
To acquire more Cu under Cu-limited conditions Arabidopsis increases
expression of particular genes responsible for Cu acquisition and transport, including the
membrane transporters COPT1 and COPT2 (Sancenon et al., 2003), YSL2 (DiDonato et
al., 2004), ZIP2 (Wintz et al., 2003), ferric reductases FRO3 (Mukherjee et al., 2006),
FRO4 and FRO5 (Bernal et al., 2012), as well as the Cu chaperone gene CCH (del Pozo
et al., 2010).
Recently, the molecular mechanism that regulates gene expression in response to
Cu deficiency has been determined. In C. reinhardtii, the activation of cytochrome c6
CYC6 is regulated by the transcription factor COPPER RESPONSE REGULATOR1
(CRR1), which is a member of the squamosal promoter binding protein (SBP) domain
family. Under Cu deficiency, CRR1 binds to a Cu responsive element (CuRE), which
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contains the sequence motif GTAC located in the promoter region of target genes (Quinn
and Merchant, 1995; Kropat et al., 2005; Sommer et al., 2010). CRR1 is required for
down-regulation of plastocyanin through proteolysis and up-regulation of the genes
encoding enzymes in tetrapyrrol pathway (Li et al., 1996; Moseley et al., 2000). CRR1
also participates in the down-regulation of a putative chloroplast Cu chaperone and a
thylakoid membrane protease, and modification of thylakoid membrane lipids that likely
impacts the function of the photosynthetic apparatus (Castruita et al., 2011).
Similar to the single cell green alga, Arabidopsis has a transcriptional regulator
SQUAMOSA PROMOTER BINDING PROTEIN-LIKE7 (SPL7), which also contains a
SBP domain, that activates the transcription of multiple genes involved in Cu
homeostasis (Yamasaki et al., 2009). SPL7 is a Zn finger protein that contains a DNA
binding domain that binds double-stranded DNA with a GTAC core motif (Yamasaki et
al., 2004). Under Cu deficiency, SPL7 activates the expression of many microRNAs
including miR398, miR397, miR408 and miR857, which direct the degradation of target
transcripts (Yamasaki et al., 2007; Yamasaki et al., 2009). miR398 not only target
mRNAs of CDS1 and CSD2 but also mediates the degradation of COPPER
CHAPERONE FOR SOD (CCS) (Cohu et al., 2009), and COX-5b, the gene that encodes
the plant homolog of a Zn binding subunit of cytochrome c oxidase (Yamasaki et al.,
2007). miR397 targets laccases LAC2, LAC4 and LAC17, miR408 is involved in
degradation of lac3 and plantacyanin, and miR857 targets LAC7 (Abdel-Ghany and
Pilon, 2008).
SPL7 also regulates transcription of genes involved in Cu uptake and delivery.
Under Cu deficiency, SPL7 increases the expression of mRNAs for COPT1, COPT2,
ZIP2, YSL2 and FRO3, as well as the metallochaperone CCH (Yamasaki et al., 2009).
More recently, studies on a newly identified spl7 mutant have shown that SPL7 also
upregulates FRO4 and FRO5 in Arabidopsis roots under Cu deficiency (Bernal et al.,
2012). In the same study, experiments using Illumina RNA-Seq technology have
indentified 1563 genes that respond to Cu deficiency at the transcript level, with 883
genes expressed in roots and 731 in shoots. The authors have identified multiple genes
that are SPL7-dependent, including Cu transporters, microRNAs, laccases, Cu/ZnSOD
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and metallochaperone. However, there is no evidence that MTs genes are regulated by
SPL7. Moreover, a number of studies have shown that some plant MT genes are induced
under Cu excess (reviewed in Chapter 1, and results shown in Chapter 4), but not under
Cu deficiency. Therefore, the role of MTs under Cu deficiency has not been examined
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mt1a/mt2a/mt2b/mt3 quadruple mutant seedlings are sensitive to Cu deficiency when the
seedlings were grown on media containing Cu chelators tetrathiomolybdate (TM) and
bathocuproine disulfonate (BCS). Sensitivity of the quadruple mutant plants to Cu
deficiency has been also observed in a hydroponic system (Benatti, 2010). These results
suggest that MTs are involved in Cu deficiency. To gain insight into the physiological
functions of MTs under Cu limited conditions, I have further characterized MT-deficient
mutants as described in this chapter. The quadruple mutant develops interveinal chlorosis
in young leaves during vegetative growth. The sensitivity is even more severe when the
mutant plants are grown under high light conditions. When Cu supply is withdrawn
during reproductive stage, fruit and seed development is severely affected. Therefore,
MTs are likely to function in plant growth and development under Cu deficient
conditions.
3.2. Materials and Methods
3.2.1. Plant materials
Arabidopsis wild-type and MT-deficient mutant plants (Table 2.1 and 2.2; Figure
2.1) used in this study were originally identified in the Columbia-0 (Col-0) ecotype,
except for the mt3-1 mutant, which was produced in the Wassilewskija (Ws) ecotype.
The quadruple mutant line was developed by Dr. Matheus Benatti through a series of
crosses and was backcrossed to Col-0 three times to remove other mutations.
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3.2.2. Growth of Arabidopsis under Cu deficiency in hydroponic system
In most of the experiments described in this chapter, wild type and mutant plants
were grown using the hydroponic system described in Chapter 2. To investigate the effect
of Cu deficiency on vegetative growth, plants were grown from the beginning under both
Cu-supplemented (control) and Cu-depleted conditions. For Cu depletion, the hydroponic
medium was prepared without adding CuSO4, whereas the standard medium contained
0.12 µM CuSO4. The hydroponic solution was replaced weekly. Arabidopsis plants were
grown at

24 °C under a fluorescent light rack with a 16-hour light photoperiod and a

light intensity of 120-150 µmol.m-2.s-1. Plants were grown under these conditions until
they were ready to be harvested based on the objective of each experiment.
To study the effect of high light on quadruple mutant plants grown under Cu
deficiency, wild-type and quadruple mutant plants were grown from the beginning under
a light intensity of 234 µmol.m-2.s-1 in a medium with CuSO4 (control) or without any
added Cu. Plants were grown under these conditions for 4 weeks.
To study the effect of Cu deficiency on reproductive development in the
quadruple mutant, I conducted two experiments with different photoperiods and Cu
regimes. In the first experiment, Arabidopsis wild type and quadruple mutant plants were
germinated and grown for 3 weeks grown under Cu-supplemented conditions. Plants
were then either grown in the same medium as control or transferred to medium without
CuSO4. Before transferring plants to medium without Cu, roots were soaked twice in
deionized water to remove as much Cu as possible from the roots and trays. Developing
siliques on both wild type and quadruple mutant plants were photographed. Plants were
grown under a 16-hour light photoperiod.
For the second experiment I used a short-day photoperiod to extend the period of
vegetative growth and allow more accumulation of Cu in the rosettes, before changing to
a long-day photoperiod to trigger flowering. Wild type and quadruple mutant plants were
germinated and grown for 6 weeks in Cu-supplemented medium under 12-hour light
photoperiod until the fist flower opened on the primary stems at 6 weeks. Plants were
either maintained under these conditions (control) or transferred to medium without
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CuSO4 and the photoperiod was changed to 16-hour light. The medium was changed
weekly. Plants were grown under these conditions for an additional 5 weeks. Young
leaves before transfer at 6 weeks, and senescent leaves and dry seeds at 11 weeks were
harvested for metal ion analysis.
3.2.3. Growth of Arabidopsis under sterile conditions
Wild type and quadruple mutant plants were grown on agar plates for 2 weeks in
medium containing 0.12 µM CuSO4 as control or on medium without added Cu. All of
the containers used for medium preparation were cleaned with 5% nitric acid and rinsed
with deionized water 3 times. Arabidopsis seeds were surface sterilized with 30% (v/v)
household bleach containing a drop of Tween 20 (Bio-Rad, USA) for 10 min followed by
washing 3 times with sterile water. Seeds were stratified at 4 °C in the dark for 2 days.
After stratification, seeds were germinated on 100×100×15 mm square dishes (Simport,
Canada) containing ¼ strength modified Hoagland’s medium (Hoagland and Arnon,
1950). The medium consisted of the following: 625 µM Ca(NO3)2.4H2O, 312.5 µM
K2SO4, 250 µM MgSO4.7H2O, 62.5 µM KH2PO4, 32.5 nM KCl, 562.5 nM MnSO4.H2O,
3.125 µM H3BO3, 475 nM ZnSO4.7H2O, 120 nM CuSO4.5H2O, 25 nM Na2MoO4.2H2O,
6.875 µg.L-1 Fe-Sequestrene (Sprint® 330; Becker Underwood, USA). The medium was
supplemented with 0.05% (w/v) MES free acid monohydrate, 1% (w/v) sucrose and 1%
(w/v) agar and adjusted to pH 5.7-5.8. Plants were grown under a fluorescent light rack
with a 16-hour light photoperiod (120-150 µmol.m-2.s-1) at 24 °C.
3.2.4. Metal ion analysis in Arabidopsis tissues
To analyze metal ions in leaves and seeds, the tissues were dried at 65 °C for at
least 2 days. Approximately 30 to 40 mg of plant tissue was digested in 1 mL
concentrated nitric acid (AR Select; Mallinckrodt Baker) at 115 °C for about 48 hours.
The digested samples were diluted to a total volume of 4 ml with deionized water (18.2
Mohms) and 500 µL of each sample was diluted again in 9.5 mL deionized water. The
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diluted samples were analyzed using inductively coupled plasma-mass spectrometry
(ICP-MS).
3.2.5. RNA expression analysis
RNA expression of Arabidopsis plants grown under Cu-supplemented and Cudeficient conditions was examined using quantitative real-time RT-PCR (qRT-PCR) and
RT-PCR techniques. Total RNA was isolated using TRIzol Reagent (Invitrogen, USA).
The RNA was treated with DNAse (Turbo DNA-free Kit, Applied Biosystems/Ambion).
RNA quantity was determined using a NanoDrop 1000 (Thermo Scientific) and it was
also analyzed by formaldehyde agarose gel electrophoresis. RNA was reverse transcribed
using 1 µg of DNAse-treated RNA and 0.5 µL of AMV-reverse transcriptase (Promega),
according to the manufacturer’s instructions. Methods for analysis of RNA using Q-RT
PCR and RT-PCR were described in Chapter 2.
3.2.6. Chlorophyll extraction and determination
For chlorophyll extraction, 1 ml 80% (v/v) acetone was added to a
microcentrifuge tube containing a single detached leaf. Fresh weigh of each detached leaf
was recorded before the chlorophyll extraction. The leaves were incubated overnight at
room temperature in the dark. After incubation, the chlorophyll content was determined
by measuring absorbance at 647 and 664.5 nm using spectrophotometer. Chlorophyll
concentration (mg/g FW) was calculated according to Inskeep and Bloom (1985) using
the following equation: Chl b = 20.47A647 – 4.73A664.5, Chl a = 12.63A664.5 – 2.52A647,
total chlorophyll = 17.95A647 + 7.90A644.5.
3.2.7. Statistical analysis
Statistical analysis of the data was performed using Student’s t test or One-Way
ANOVA: Post Hoc Multiple Comparisons-Tukey's HSD tests from the SPSS software
version 18 (IBM, USA).
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3.3. Results
3.3.1. Growth of quadruple MT-deficient mutant under Cu deficiency
In this chapter, a hydroponic system was used for most of the Cu deficiency
experiments (Figure 3.1). Arabidopsis plants grown in medium without added Cu from
the beginning were smaller than plants grown under Cu sufficient conditions. At 30 days
after planting, plants supplied with CuSO4 (control) were flowering and developing fruits
(siliques). In contrast, plants grown without Cu showed symptoms of Cu deficiency
including stunted growth, defective stem elongation, abnormal flowering and seed
development, and yellow or necrotic leaves (Figure 3.1).
Quadruple mutant plants grown in medium without CuSO4 from the beginning
had smaller leaves than the wild type (Figure 3.2). The symptoms of chlorosis and yellow
spots on the rosette leaves were more pronounced and appeared earlier in the quadruple
mutant (Figure 3.2). Loss of chlorophyll in leaves occurred between the leaf veins and in
younger leaves rather than older leaves (Figure 3.2). These symptoms started to appear in
quadruple mutant plants at 3 weeks and increased in severity over time. After 4 weeks,
the interveinal yellow spots turned brown and the leaves became necrotic and died
(Figure 3.4). This phenotype is very different from the Cu deficiency symptoms seen in
the wild-type plants under the same condition (Figure 3.2; Figure 3.3). Roots of the
quadruple mutant plants were also shorter than those in wild type plants under Cu limited
conditions (Figure 3.4). There were no visible differences between the quadruple mutant
and wild type plants when grown under Cu sufficient conditions (Figure 3.2; Figure 3.3).
Shoot dry weight of wild type and quadruple mutant plants grown under Cu sufficient
conditions (control) were not different (Figure 3.5). Under Cu deficiency, shoot biomass
of both wild type and quadruple mutant plants was dramatically reduced compared to the
control conditions. The quadruple mutant showed a more pronounced reduction in shoot
biomass under Cu deficient conditions compared to the wild-type plants (Figure 3.5).
Chlorophyll concentration was determined in the sixth oldest leaf (see Figure 3.2)
of wild type and quadruple mutant plants grown in both Cu-sufficient and Cu-deficient
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media (Figure 3.6). The amount of chlorophyll was not different between wild type and
the quadruple mutant under Cu sufficient conditions. However, both chlorophyll a and
chlorophyll b decreased significantly in the quadruple mutant leaves under Cu deficient
conditions. These results suggest that MTs are important for vegetative growth under Cu
deficiency. When there is insufficient Cu for optimal growth of the plants, especially
from the germination to late vegetative stage, lack of MTs results in severe damage to the
rosette leaves of Arabidopsis plants.
3.3.2. Metal accumulation in rosette leaves of quadruple MT-deficient mutant
The visible phenotype observed in the quadruple mutant leaves occurred when Cu
was limited during vegetative growth. I proposed that this phenotype is caused by lack of
Cu or deficiency in other metals. To test this hypothesis, rosette leaves from 4-week-old
plants were collected from wild type and quadruple mutant plants grown in control and
Cu-deficient media under 16-hour light photoperiod. Metal ion concentrations in the leaf
tissues were determined by ICP-MS. As expected, the Cu concentration in the quadruple
mutant leaves was significantly higher compared to the wild type under Cu sufficient
conditions, similar to the results in Chapter 2 (Figure 3.7). Under Cu deficiency, the Cu
concentration in wild-type leaves was below the level that the ICP-MS machine could
detect. The Cu level in quadruple mutant leaves was also very low and close to the limit
of detection but was higher than in the wild type. This result suggests that the symptoms
observed in the quadruple mutant were not simply due to the lack of Cu in leaves. There
were no differences in the concentrations of other metals such as Zn, Fe and Mn in wild
type and the quadruple mutant under both Cu-sufficient and Cu-deficient conditions,
indicating that plants maintained normal concentrations of these metals.
3.3.3. Growth of single and triple MT-deficient mutants under Cu deficiency
This interesting phenotype under Cu-deficiency was observed in the quadruple
mutant. It is of interest to know which specific MT gene or combination of MT genes is

85
responsible for this phenotype. To answer this question, I grew single mutants (mt1a,
mt2a, mt2b, mt3) and triple mutants (mt1a/mt2a/mt2b, mt1/mt2a/mt3, mt1a/mt2b/mt3 and
mt2a/mt2b/mt3) in the hydroponic system under Cu-sufficient and Cu-deficient
conditions. The wild type and quadruple mutant were used as controls. Root and shoot
growth of the single mutants mt1a, mt2a and mt2b under control and Cu deficient
conditions were not significantly different than wild type (Figure 3.8; Figure 3.9, Figure
3.10, Figure 3.11, Figure 3.12). The mt3 mutant had smaller leaves and shorter roots than
other genotypes in both control and Cu deficient conditions. However, this phenotype
might not be due to the MT defect but it might be the effect of the genetic background in
which this T-DNA insertion mutant was originally developed. The single mutants grown
in the medium without Cu had typical symptom of Cu deficiency but they did not show
the interveinal chlorosis observed in the quadruple mutant (Figure 3.8; Figure 3.9). Thus,
lack of a single MT gene is not sufficient to cause the leaf phenotype observed in the
quadruple mutant.
Growth of the triple mutants also varied among genotypes under control
conditions but shoot biomass and shoot height were not significantly different from wild
type (Figure 3.13; Figure 3.16). Triple mutant plants grown under Cu deficiency were all
smaller than wild-type plants (Figure 3.13, Figure 3.14) and shoot dry weight of all the
triple mutants was also lower than the wild type (Figure 3.15). Interestingly, the
mt1a/mt2a/mt2b and mt2a/mt2b/mt3 mutant plants grown without Cu showed the same
leaf phenotype as observed in the quadruple mutant plants. The phenotype in the
mt1a/mt2a/mt2b mutant leaves at 4 weeks was not as strong as observed in
mt2a/mt2b/mt3 leaves, which was similar to the symptoms observed in the quadruple
mutant leaves (Figure 3.13; Figure 3.18). Root length of the mt1a/mt2a/mt2b and
mt2a/mt2b/mt3 mutants were shorter than wild-type and similar to the quadruple mutant
(Figure 3.17). The inflorescence stems of mt2a/mt2b/mt3, in particular, were unable to
elongate like other genotypes (Figure 3.14). Thus, shoot height of this triple mutant plant
was lower than wild type and other triple mutant plants (Figure 3.16).
Cu deficiency also affected the development of reproductive organs. For wildtype plants, even though the inflorescence stems were stunted compared to plants grown
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in medium containing Cu, flowers and siliques were able to develop. However, the triple
mutants mt1a/mt2a/mt2b and mt2a/mt2b/mt3, and the quadruple mutant had abnormal
stem development (Figure 3.19). At 4 weeks, the triple mutant mt1a/mt2a/mt2b, which
showed a moderate leaf phenotype, developed inflorescence stems but the flower
peduncles at the tip of the stems wilted. In the triple mutant mt2a/mt2b/mt3 and the
quadruple mutant, primary stems stopped growing after emerging 5-10 mm in length. The
flower peduncles were wilted and the flowers were sterile. Therefore, lack of specific
MTs under Cu deficiency affected stem and flower development.
3.3.4. Growth of quadruple MT-deficient mutant under BCS treatment
Previous experiments established that the quadruple mutant is sensitive to Cu
deficiency in a hydroponic system. The responses of MT-deficient Arabidopsis plants to
Cu deficiency were confirmed by growing plants on agar medium. The Cu chelator
bathocuproine disulphonate (BCS) was used to chelate Cu ions in the medium. Seeds of
wild type and quadruple mutant were sown on a control medium as well as a medium
without added Cu that contained 50 µM BCS.
Growth and root length of wild type and quadruple mutant were measured two
weeks after planting (Figure 3.20; Figure 3.21). Under control conditions wild type and
quadruple mutant had similar root and shoot growth. However, root length of the
quadruple mutant grown on agar medium without added Cu and containing BCS was
significantly reduced compared to wild type (Figure 3.21). These results demonstrate that
the quadruple mutant was sensitive to Cu deficiency under at least two different
conditions.
3.3.5. RNA expression of MT genes under Cu deficiency
To study RNA expression of MT1a, MT1c, MT2a, MT2b and MT3, RNA was
isolated from 2-week-old wild type plants grown on agar medium under control
conditions as well as on medium without added Cu and containing 50 µM BCS. The
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expression levels were quantified by Q-RT-PCR. As expected, RNA expression of type 1
MT genes was abundant in roots compare to shoots while type 2 and type 3 MT RNAs
were expressed higher in shoots rather than roots. RNA expression of MT1a, MT2a,
MT2b and MT3 did not change under Cu deficient conditions in both roots and shoots
compared to control conditions (Figure 3.22). However, MT1c, which usually has a low
transcript level compared to other MT genes under standard growth conditions, was
induced more than five fold in roots under Cu deficiency (Figure 3.22).
Since MT1c is up-regulated in the quadruple mutant under Cu sufficient
conditions, perhaps to compensate for the lack of other MTs as discussed in Chapter 2, I
suspected that the expression level of MT1c in the quadruple mutant may be further
altered under Cu deficiency. Therefore, I quantified RNA expression of MT1c in the
quadruple mutant compared to wild type plants. In roots, the transcript levels in the
quadruple mutant were increased approximately 780% and 180% under control and Cu
deficient conditions respectively compared to wild type (Figure 3.23). In shoots, the
expression of MT1c was extremely low. Nevertheless, the transcript levels were induced
up to 750% under control conditions and 850% under Cu deficiency (Figure 3.23). In
summary, RNA expression of MT1c was higher in the quadruple mutant than the wild
type in both Cu sufficient and deficient conditions. Cu deficiency also induced the RNA
expression of MT1c in the quadruple mutant compared to control conditions.
3.3.6. Transcriptional regulation of genes involved in Cu and Fe homeostasis in
quadruple MT-deficient mutant under Cu deficiency
To confirm the physiological status of Arabidopsis plants grown under Cu
deficiency, the abundance of several Cu-responsive transcripts in roots and shoots was
determined by Q-RT PCR. RNA was isolated from plants grown under control conditions
as well as on medium without added Cu and containing 50 µM BCS. RNA expression of
FeSOD (FSD1) was up-regulated, and Cu/ZnSOD (CSD1) was down-regulated in shoots
under Cu deficiency compared to the control conditions. RNA expression of the copper
chaperone for Cu/ZnSOD (CCS) was down-regulated in both roots and shoots under Cu

88
deficiency. Transcript levels of these genes in the quadruple mutant were not
significantly different from wild type under the same conditions (Figure 3.24). The
transcript level of COPT1 was up-regulated in roots, and COPT2 was up-regulated in
both roots and shoots (Figure 3.25), ZIP2 was up-regulated in roots, but the transcript
level of ZIP4 did not respond to Cu deficiency in either roots or shoots (Figure 3.26).
Again, these four genes were expressed similarly in wild type and the quadruple mutant.
RNA expression of HMA5 was induced in shoots of the quadruple mutant in both control
and Cu deficient conditions, compared to the wild type (Figure 3.27). This response may
be due to the high concentration of Cu in quadruple mutant leaves as discussed in
Chapter 2. The expression of PAA1 (HMA6) however, was not altered in the quadruple
mutant compared to wild type and the expression did not show any obvious response to
Cu deficiency (Figure 3.27). In summary, the RNA expression of a set of marker genes
indicates that wild type and quadruple mutant plants have similar and expected responses
to Cu deficiency.
It has been reported that Cu status is important for Fe homeostasis in Arabidopsis.
Under Fe deficiency, root COPT2 transcript levels were up-regulated (Colangelo and
Guerinot, 2004). The combination of Cu and Fe deficiency increased RNA expression of
COPT2 compare to Cu deficiency alone (Perea-Garcia et al., 2013). Transcript levels of
the ferric reductases FRO4 and FRO5 were highly responsive to Cu deficiency, and were
regulated by SPL7. The Cu-deficient spl7 mutant plants expressed several Fe deficiency
responses such as increased root ferric reductase activity, upregulation of an Fe
membrane transporter IRT1 and ferric-chelate reductase FRO2 (Bernal et al., 2012). The
YSL transporters, which deliver metal-nicotianamine into the cell, are involved in Cu and
Fe homeostasis in Arabidopsis. The ysl1/ysl3 double mutant exhibited Fe deficiency
symptoms such as interveinal cholorosis and reduced accumulation of Fe but increased
Cu accumulation in leaves (Walker et al., 2006). To test whether the quadruple mutant
responded to Cu deficiency by inducing Fe deficiency responses, transcript levels of Fe
responsive genes were determined in roots and shoots of wild-type and quadruple mutant
plants grown under control and Cu deficient conditions. The results showed that IRT1
transcript levels in roots of wild type and quadruple mutant under Cu deficiency were
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approximately double the levels observed under control conditions (Figure 3.28). A small
increase of FRO3 transcript levels was also observed in roots and shoots of both wild
type and the quadruple mutant under Cu deficiency conditions (Figure 3.28). These
results suggest that Cu-deficient plants also activate some responses to Fe deficiency.
The transcript level of FRO5, which encodes a root surface Cu2+ chelate
reductase, which reduces Cu2+ to soluble Cu+ to be transported into root cells (Bernal et
al., 2012), was expressed at a low level in wild type and quadruple mutant roots under
control conditions. However, the FRO5 transcript was strongly up-regulated in wild type
roots under Cu deficiency and to a lesser degree in the quadruple mutant (Figure 3.28).
Additionally, YSL2 and YSL3 RNA in shoots were up-regulated in the quadruple mutant
but not in wild type (Figure 3.29). Therefore, lack of MTs causes the misregulation of a
set of genes that encode a Cu2+ chelate reductase and YSL transporters.
3.3.7. Photosensitivity of quadruple MT-deficient mutant under high light
To test if the quadruple mutant is sensitive to any other abiotic stresses, wild type
and quadruple mutant plants were grown in hydroponic system with or without CuSO4
and under high light conditions (234 µmol.m-2.s-1). Plants grown under high light and Cu
sufficiency (control) had thick dark green leaves. Quadruple mutant plants under high
light and Cu deficiency were dramatically reduced in size. Interveinal chlorosis in the
leaves was observed as early as 2-3 weeks after planting, much earlier than observed in
plants grown under standard light conditions (Figure 3.30). At 4 weeks after planting,
wild type and quadruple mutant plants grown under high light with sufficient Cu had
similar biomass (Figure 3.31). However, shoot biomass of the quadruple mutant plants
grown in medium without Cu and under high light was only 17% of the wild-type plants
grown under the same conditions (Figure 3.31). The hypersensitivity of quadruple MTdeficient plants indicates that MTs are important for plant growth under high light,
perhaps through its role in delivering Cu to the chloroplast proteins functioning in
photosynthesis and oxidative stress reduction.
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3.3.8. Effect of Cu deficiency on seed development
To examine if MTs are important for seed development under Cu deficiency, wild
type and quadruple mutant plants were grown in medium containing CuSO4 for 3 weeks
to allow the plants to acquire sufficient Cu for their early growth, and to prevent the
interveinal chlorosis observed in quadruple mutant plants grown continuously under Cu
deficiency. After 3 weeks, plants were either maintained under these conditions (control)
or transferred to medium without CuSO4. Plants were grown under long days (16-hour
light photoperiod) for the entire experiment. Two weeks after transferring to -Cu
medium, quadruple mutant plants did not show any leaf phenotype under Cu deficiency,
suggesting that there was sufficient Cu in the plants to support normal vegetative growth.
Rosette leaves of the quadruple mutant developed normally and leaf growth of all plants
under Cu deficiency was similar to plants grown under control conditions. However, the
lack of Cu affected silique development of quadruple mutant plants (Figure 3.32).
Although the quadruple mutant developed normal siliques on the lower part of the
inflorescence stem, growth of siliques closer to the apex of the stem was arrested and
seeds failed to develop. Thus, without a supply of Cu from the medium, the remaining Cu
in the plants was not enough to support growth of siliques or normal seed development.
These results demonstrate that under Cu deficiency, MTs are important for seed
development, perhaps for the delivery of Cu into fruits or seeds.
To further examine the physiological functions of MTs during reproduction under
Cu deficiency, plants were grown hydroponically in medium containing Cu under short
day (12-hour light photoperiod). Short days allowed the plants to prolong vegetative
growth and increase nutrient accumulation in vegetative organs. When the plants started
to bolt at 6 weeks, the photoperiod was increased to 16 hours to stimulate flowering.
After the first flower opened on the primary stems, plants were either maintained in
medium containing Cu (control) or transferred to medium without any CuSO4 until they
reached maturity at 12 weeks. Under these conditions, both wild-type and quadruple
mutant plants grew normally under Cu deficiency and silique development was not
visibly affected, However, Cu deficiency had an impact on seed development in both
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wild type and the quadruple mutant. In wild type, there was no difference in seed weight
between plants grown under Cu deficient conditions and those from control conditions
(Figure 3.34). However, the seeds for Cu-deficient WT plants were lighter in color
compared to the Cu-sufficient seeds (Figure 3.33). In the quadruple mutant seed weight
decreased significantly under Cu deficiency compared to the wild type (Figure 3.34).
Additionally, seed from the quadruple mutant had abnormal morphology under Cu
deficiency. The seeds were shrunken and smaller than wild type under the same
conditions, and the seed color changed from red (control) to yellow or brown (Figure
3.33). In summary, Cu deficiency has a profound effect on seed development of
quadruple MT-deficient mutant. This experiment also supports the hypothesis outlined in
Chapter 2 that MTs are involved in Cu translocation into Arabidopsis seeds.
To determine Cu distribution in leaves and seeds of wild type and quadruple
mutant plants from the second experiment described above, young leaves before
transferring to medium without CuSO4, and senescent leaves and seeds at 12 weeks under
Cu sufficiency and deficiency were analyzed by ICP-MS. The results were in agreement
with earlier experiments. Young rosette leaves of the quadruple mutant accumulated
about 2-fold more Cu than the wild type leaves (Figure 3.35). As expected, senescent
leaves of the quadruple mutant accumulated up to 5-fold more Cu compared to wild type
under control conditions (+Cu). Senescent leaves of the quadruple mutant still
accumulated more Cu than wild type under Cu deficiency but not as high as under control
conditions. In seed, Cu concentrations were reduced in the quadruple mutant compared to
wild type under both control and Cu deficiency conditions. The level of Cu in quadruple
mutant seeds under Cu deficiency was less than 1 µg/g DW, which was extremely low.
The reduced Cu accumulation in the quadruple mutant seeds, possibly due to a defect of
Cu translocation into seed tissues, may be a factor in the peculiar development of the
quadruple mutant seeds under Cu deficient conditions.
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3.4. Discussion
3.4.1. Growth of metallothionein-deficient mutants under Cu deficiency
Although plants require only a small amount of Cu to sustain their growth and
high amounts of this metal can cause toxicity because of its reactivity based on its redox
active property, deficiency of Cu is also critical. Arabidopsis plants grown under Cu
deficiency had stunted growth, yellow and necrotic leaves, and reduced seed set (Figure
3.1). I showed that MTs are involved in Cu distribution in vegetative and reproductive
organs under Cu sufficiency (Chapter 2). In this chapter, the physiological functions of
MTs under Cu deficiency were examined.
Quadruple mutant plants grown from germination in hydroponic system under
Cu deficiency were more sensitive to these conditions than wild type. In the first two
weeks, growth of wild type and the quadruple mutant was not different. However, after 34 weeks leaf growth of quadruple mutant under Cu deficiency was reduced compared to
wild type. The quadruple mutant also exhibited interveinal chlorosis on the leaves (Figure
3.2). At 4 weeks, this phenotype occurred in adult leaves and progressed to younger
leaves but not to the oldest leaves, indicating that the phenotype was affected by the stage
of leaf development. Since the chlorosis started between the veins, and affected younger
leaves rather than oldest leaves, this phenotype does not appear to be connected to regular
leaf senescence.
To further characterize the effect of Cu deficiency on the quadruple mutant,
plants were grown on agar plates using Hoagland’s medium without CuSO4 and
containing 50 µM BCS as a Cu chelator to reduce Cu deficiency conditions. BCS
chelates cuprous ions (Cu+) but not cupric ions (Cu2+), and cannot enter the cells,
suggesting that BCS does not disturb intracellular Cu trafficking. In Arabidopsis, BCS
was used to induce Cu deficiency in COPT1 antisense transgenic mutants (Sancenon et
al., 2004). Quadruple mutants grew normally compared to the wild type under control
conditions but exhibited root sensitivity under Cu deficiency (Figure 3.20). These results
provide further evidence that lack of MTs affects plant growth under Cu deficiency.
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To examine which combination of MT mutants contributed to the interveinal
chlorosis, wild type, single, triple and quadruple mutant plants were grown in medium
with or without CuSO4. Growth of single and triple mutants was slightly variable under
control conditions (Figure 3.10; Figure 3.15). Seeds of single and triple mutants used in
this experiment were older than wild type and the quadruple mutant. Seed age could
affect germination and early growth of the plants leading to more variation. Moreover,
the number of replicates under control conditions was reduced because of the space
required to grow 10 genotypes in this experiment. A larger number of biological
replicates would likely reduce this variation.
Single MT mutants did not develop interveinal chlorosis under Cu deficiency.
These results suggest that deficiency in one MT is not sufficient to cause the phenotype.
Other functional MTs may substitute for the lack of a single MT. Among the four triple
mutants, two showed the interveinal chlorosis phenotype to different degrees. The
phenotype in mt1a/mt2a/mt2b was moderate whereas mt2a/mt2b/mt3 showed strong
interveinal chlorosis and brown spots similar to the quadruple mutant (Figure 3.18).
Therefore, deficiency in MT2a and MT2b combined with an additional MT mutation may
be sufficient to produce this phenotype. MT2a, MT2b and MT3 are more highly expressed
in leaves than in roots whereas MT1a is expressed more in roots than in leaves (Guo et
al., 2003), thus it is possible that deficiency in all type 2 and type 3 MTs can produce the
strong phenotype in leaves. To test whether only deficiency in type 2 MTs could have an
impact on this leaf phenotype, growing the double mutant mt2a/mt2b under Cu
deficiency needs to be examined.
The concentration of Cu in rosette leaves of wild type plants under Cu
deficiency was below the limit of detection by ICP-MS. The quadruple mutant however,
contained a higher concentration of Cu compared to wild type (Figure 3.7 under -Cu). It
should be noted that this measurement was made on the entire rosette. Even if the
quadruple mutant leaves had a higher amount of Cu than the wild type, the localization of
Cu ions at tissue and cellular levels might be different. Measuring Cu concentration in
specific leaf tissues or in different cellular compartments may provide more information
about the symptoms observed in the quadruple mutant. However, measuring Cu
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concentration in cellular compartments under Cu deficiency is not routine. Recently,
confocal imaging of Cu in plant tissues using a Cu-specific fluorophore was developed
and used in Arabidopsis (Zeng et al., 2006; Bernal et al., 2012). This technique may be
useful to examine Cu distribution in the quadruple mutant.
I hypothesize that lack of MTs can alter Cu distribution not only in Cu
sufficient but also in Cu deficient conditions. Thus, higher Cu accumulation in the
quadruple mutant leaves compared to the wild type still occurs under Cu deficiency.
However, the concentration of Cu in leaves of the quadruple mutant was still extremely
low. When the Cu level in plants is reduced below a certain point, MTs may be the only
Cu-binding proteins that can provide Cu ions to other Cu-requiring proteins. Without
MTs, Cu may be misallocated so that the Cu-requiring proteins remain inactive without
their cofactor. Plastocyanin in the chloroplast, in particular, is important for
photosynthesis. Without Cu, apoplastocyanin cannot function in transferring electrons
from photosysystem II to photosystem I. Consequently, free electrons generated by
photosynthesis may interfere with several chemical reactions in chloroplasts and increase
ROS, resulting in chloroplast damage. The second Cu-requiring protein in chloroplast is
Cu/ZnSOD (CSD2) (Sunkar et al., 2006). Under Cu limited conditions, even though
plants increase FeSOD to compensate for the loss of Cu/ZnSOD, it may not be enough to
protect the chloroplast from oxidative stress. Taken together, the damage to chloroplasts
under Cu deficiency especially in mesophyll cells may cause cell death in leaves of the
quadruple mutant. At the beginning, the symptom did not occur in the leaf veins. It is
possible that some Cu is still available in the veins but the leaf cells further away from
the vasculature cannot acquire sufficient Cu so that chlorosis and cell damage starts to
develop in the leaf tissue in the area between the veins.
To further investigate the reasons for the leaf phenotype in quadruple mutant
under Cu limited conditions, additional experiments are needed such as analysis of RNA
expression of the chloroplast CSD2 and plastocyanins PETE1 and PETE2, measuring
SOD activity and plastocyanin content in chloroplasts, analyzing oxidative stress
responses by measuring reactive oxygen species and activities of catalases and
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peroxidases, and monitoring the efficiency of photosynthesis in the quadruple mutant
under Cu deficiency.
3.4.2. Connection between Cu and Fe homeostasis under Cu deficiency
When Cu is limited, Arabidopsis increases expression of specific genes to
acquire more Cu. Both wild type and quadruple mutant similarly upregulated transcript
levels of Cu transporters COPT1, COPT2 and ZIP2 under Cu deficient conditions. The
inverse regulation of FSD1 and CSD1 in wild type and quadruple mutant was also
similar. These RNA expression patterns of major marker genes suggest that both wild
type and quadruple mutant responded similarly to Cu deficiency.
There are important connections between Cu and Fe homeostasis in all
eukaryotes. The first evidence of this connection between Cu and Fe homeostasis came
from studies in rats, which showed that Cu fortification could overcome anaemia (Hart et
al., 1928). Experiments in yeast have demonstrated that this connection relies on the
multicopper ferroxidase Fet3, a Cu-containing protein that is required for the highaffinity Fe uptake (Askwith et al., 1994; Dancis et al., 1994). In Arabidopsis, Cu
deficiency resulted in secondary Fe deficiency in the spl7-2 mutant. Under Cu deficiency,
spl7-2 had reduced root ferroxidase activity, which coincided with a defect in root-toshoot Fe translocation (Bernal et al., 2012). The spl7-2 mutant also up-regulated the Fe
membrane transporter IRT1 and root ferric-chelate reductase FRO3. Q-RT PCR analysis
in wild type and quadruple MT-deficient mutant showed that the transcript levels of IRT1
and FRO3 increased under Cu deficiency in both wild type and quadruple mutant,
indicating that the Fe deficiency response is induced under Cu deficiency (Figure 3.28).
FRO3 is a member of the ferric-chelate reductase gene family (FRO). In Arabidopsis the
FRO3 transcript can be induced in roots and shoots under either Fe or Cu deficiency
(Mukherjee et al., 2006). This Fe deficiency response may stimulate Fe uptake, resulting
in the small increase of Fe concentration in wild type and quadruple mutant leaves under
Cu deficiency (Figure 3.7).
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For Fe uptake, Arabidopsis uses a ferric-chelate reductase to reduce Fe3+ to
soluble Fe2+ at the root surface (Curie and Briat, 2003). Cu is likely to be reduced from
Cu2+ to Cu+ for high affinity Cu acquisition by the COPT transporters (Sancenon et al.,
2003; Sancenon et al., 2004). FRO5, a member of the ferric-chelate reductase family, is a
root surface Cu2+ chelate reductase (Bernal et al., 2012). The transcript level of FRO5
was not detected in most Arabidopsis organs under standard conditions, and in roots
FRO5 RNA did not respond to Fe deficiency (Mukherjee et al., 2006). However, the
FRO5 transcript was highly induced in roots and shoots under Cu deficiency, and was
regulated by SPL7 (Bernal et al., 2012). My Q-RT-PCR results showed that FRO5 RNA
expression was up-regulated in roots and shoots of wild type under Cu deficiency, which
is in agreement with Bernal et al. (2012). However, the quadruple mutant did not induce
the transcript of FRO5 under low Cu (Figure 3.28). Since FRO5 is absent in most
conditions but is strongly induced under Cu deficiency, FRO5 may be necessary for
acquiring soluble Cu+ when Cu is extremely limited. Under Cu deficiency, increased
RNA expression of Cu transporter genes in the quadruple mutant indicates that this
mutant was able to sense and respond to Cu deficiency. However, the level of Cu
deficiency in the quadruple mutant may not be sufficient to induce RNA expression of
FRO5 because the quadruple mutant accumulated higher Cu than wild type (see Figure
3.7 under -Cu). Moreover, the transcript level of MT1c was significantly increased in
roots of the quadruple mutant compared to wild type (Figure 3.23). The upregulation of
MT1c, the only gene that still completely functions in the roots of the quadruple mutant,
may enhance Cu availability in the roots under Cu deficiency.
In shoots, HMA5 was up-regulated in the quadruple mutant under control
conditions (Figure 3.27), in agreement with the results shown in Chapter 2, suggesting
high accumulation of Cu. The upregulation of HMA5 was also detected in the quadruple
mutant under Cu deficiency (Figure 3.27), indicating that even when Cu availability is
limited the quadruple mutant can still deliver Cu to the leaves. However, without MTs in
the cell, the cell may not be able to utilize the Cu. The cell then detects free Cu ions as
toxic elements and transports them out using HMA5. I have discussed in Chapter 2 that
MTs may function in remobilization of Cu out of the leaves by interacting in some way
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with YSL transporters. The transcript levels of YSL2 and YSL3 were doubled in the
quadruple mutant shoots under Cu deficiency compared to wild type (Figure 3.29),
suggesting there is low availability of Cu for remobilization even if the total Cu
concentration in the quadruple mutant leaves is higher than wild type. If the lack of MTs
reduces metal remobilization from senescing leaves to younger leaves, this may be one
explanation for why the interveinal chlorosis symptom in the quadruple mutant appeared
in younger leaves rather than older leaves (Figure 3.3). However, further investigation is
required to determine the mechanisms that contribute to these chlorosis symptoms.
In summary, these results suggest that wild-type plants respond to Cu deficiency
more effectively than quadruple mutant plants. Even though Cu deficiency in the
quadruple mutant is less extreme compared to wild type, Cu level in the quadruple
mutant plants is still low. Under these conditions, MTs may be the only source of Cu for
other Cu-requiring proteins. Without MTs, Cu in plants may be misplaced and cannot be
distributed to those proteins that require Cu.
3.4.3. Quadruple mutant is sensitive to high light
It is interesting that quadruple mutant plants grown under Cu deficiency were
sensitive to high light. This sensitivity occurred only when the plants were grown under
Cu deficient conditions from the beginning. I did an additional experiment where the
plants grown under high light were transferred to medium without Cu at 3 weeks after
planting; however, there were no visible symptoms on the quadruple mutant leaves
throughout their life cycle. This result suggests that to exhibit the sensitivity to high light,
Cu concentration in the quadruple mutant plants should be extremely low and the plants
should be deficient in Cu from germination.
Cu is a cofactor of Cu/ZnSOD, an enzyme that can protect plants against
oxidative stress. A knockdown line for the chloroplast Cu/ZnSOD (CSD2) was reported
to have a severe and light-dependent phenotype (Rizhsky et al., 2003). The hma1
chloroplast transporter mutant reduced total chloroplast SOD activity and was also
sensitive to high light. This phenotype was observed in the absence of Cu and at various
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Cu concentrations below 50 µM (Seigneurin-Berny et al., 2006). Under Cu deficiency,
MTs may be necessary for Cu delivery to target proteins including SOD or other multi
copper oxidases that participate in oxidative stress. Measuring activity of SOD and other
oxidases in the Cu-deficient quadruple mutant plants grown under high light may provide
more information about the function of MTs under abiotic stress conditions such as high
light.
3.4.4. Function of MTs in seed development under Cu deficiency
In Chapter 2, the grafting experiment demonstrated that Cu translocation to
developing seeds under Cu sufficient conditions required MTs. Lack of MTs reduced Cu
accumulation in flowers and mature seeds. To understand the role of MTs in seed
development under Cu deficiency, plants were grown in hydroponic solution containing
CuSO4 then transferred to medium without Cu after 3 weeks. After transferring, leaves of
the quadruple mutant did not show any visible interveinal chlorosis or abnormal growth.
However, deficiency in Cu during reproductive development affected silique
development, and more dramatically in the siliques closer to the apex of the stem. In the
second experiment, plants were grown under short days to extend the accumulation of Cu
in vegetative organs before they were transferred to medium without Cu. The quadruple
mutant plants had normal siliques but seed development was highly affected. Therefore,
the amount of Cu that is available from the nutrient solution is important for reproductive
growth. With no additional Cu available from roots, the quadruple mutant plants were
unable to produce new siliques or normal seeds. These abnormalities may be explained
by the reduction of Cu concentration in the quadruple mutant seeds. These data support
the hypothesis that has been proposed earlier that MTs are important for the delivery of
Cu into seeds.
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Figure 3.1. Growth of Arabidopsis plants in hydroponic solution under control and
Cu deficient conditions.
Wild type, single mutant, triple mutant and quadruple mutant plants grown
hydroponically under control condition (0.12 µM Cu) or in medium without CuSO4.
Plants were photographed at 30 days. Bar = 5 cm.
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Figure 3.2. Growth of Arabidopsis wild type (WT) and quadruple MT-deficient
mutant (quad) plants under control and Cu deficient conditions.
Arabidopsis plants were grown hydroponically under control conditions (0.12 µM Cu) or
without the addition of CuSO4 to the medium. Plants were photographed 4 weeks after
planting. Bar = 1 cm.
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Figure 3.3. Leaf phenotype of Arabidopsis wild type (WT) and quadruple MTdeficient mutant (quad) under Cu deficient conditions.
Leaves were harvested from 4-week-old wild type and quadruple MT-deficient (quad)
plants. Rosette leaves were arranged in order of emergence from the oldest leaf (left) to
the youngest leaf (right). Arabidopsis plants were grown hydroponically under control
condition (0.12 µM Cu) or in medium without CuSO4. Bar = 1 cm.
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Figure 3.4. Growth of Arabidopsis wild type (WT) and quadruple MT-deficient
mutant (quad) under Cu deficiency.
Wild type and quadruple MT-deficient mutant Arabidopsis plants were grown in
hydroponic solution without CuSO4 and photographed after 30 days. Bar = 1 cm.
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Figure 3.5. Shoot dry weight of wild type (WT) and quadruple MT-deficient mutant
(quad) plants under control and Cu deficient conditions.
Wild type and quadruple MT-deficient mutant plants were grown hydroponically for 4
weeks under control condition (0.12 µM Cu) or in medium without CuSO4. The data
presented are the means ± SE of 5 replicates. Significant differences from the wild type
determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.6. Chlorophyll concentration in wild type (WT) and quadruple MTdeficient mutant (quad) leaves.
Plants were grown hydroponically in 0.12 µM Cu as a control, or in medium without
CuSO4 for 4 weeks. The sixth oldest leaf (see figure 3.2) was harvested for chlorophyll
analysis. The data presented are the means ± SE of 5 replicates. Multiple comparisons
were determined by ANOVA (tukey method). Significant differences (p<0.05) are
indicated by different letters.
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Figure 3.7. Metal ion concentrations in rosette leaves of wild type (WT) and
quadruple MT-deficient mutant (quad) under control and Cu deficient conditions.
Rosette leaves of wild type and quadruple mutant were harvested from Arabidopsis plants
grown hydroponically for 4 weeks under control condition (0.12 µM Cu) or in medium
without CuSO4. Metal ion concentrations were determined by inductively coupled plasma
mass spectrometry (ICP-MS). The data presented are the means ± SE of 5 replicates.
Significant differences from the wild type determined by Student’s t test are indicated by
one (p<0.05) or two (p<0.01) asterisks. n.d. = not detected.

Figure 3.8. Growth of Arabidopsis wild type (WT) and single mutants under control and Cu deficient conditions.
Wild type and mutant plants with an insertion in just one MT gene were grown hydroponically under control conditions (0.12 µM
Cu) or in medium without CuSO4. Photographs were taken 4 weeks after planting. Bar = 1 cm.
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Figure 3.9. Growth of Arabidopsis wild type (WT) and single mutants under Cu
deficient conditions.
Wild type and mutant plants with an insertion in just one MT gene were grown
hydroponically in medium without CuSO4. Photographs were taken 4 weeks after
planting. Bar = 1 cm.
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Figure 3.10. Shoot dry weight of wild type (WT), single mutants and quadruple
mutant under control and Cu deficient conditions.
Wild type, single mutant and quadruple mutant plants were grown hydroponically under
control conditions (0.12 µM Cu) or in medium without CuSO4. Plants were harvested 30
days after planting. The data presented are the means ± SE of 2 replicates for control
condition and 5 replicates for Cu deficient condition. Significant differences from the
wild type under the same conditions determined by Student’s t test are indicated by
(p<0.05) an asterisk.
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Figure 3.11. Shoot height of wild type (WT), single mutants and quadruple mutant
under control and Cu deficient conditions.
Wild type, single mutant and quadruple mutant plants were grown hydroponically under
control conditions (0.12 µM Cu) or solution without CuSO4. Shoot height was measured
30 days after planting. The data presented are the means ± SE of 2 replicates for control
condition and 5 replicates for Cu deficient condition. Multiple comparisons were
determined by ANOVA (tukey method). Significant differences (p<0.05) are indicated by
different letters.
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Figure 3.12. Root length of wild type (WT), single mutants and quadruple mutant
under Cu deficient conditions.
Wild type, single mutant and quadruple mutant plants were grown hydroponically in
medium without CuSO4. The data presented are the means ± SE of 5 replicates. Multiple
comparisons were determined by ANOVA (tukey method). Significant differences
(p<0.05) are indicated by different letters.

Figure 3.13. Growth of Arabidopsis wild type (WT) and triple mutants under control and Cu deficient conditions.
Wild type and triple mutant Arabidopsis plants were grown hydroponically under control conditions (0.12 µM Cu) or in medium
without CuSO4. Photographs were taken 4 weeks after planting. Arrows indicate leaf chlorosis in mt1a/mt2a/mt2b and
mt2a/mt2b/mt3 plants grown under Cu deficient conditions. Bar = 1 cm.
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Figure 3.14. Growth of Arabidopsis wild type (WT) and triple mutants under Cu
deficiency.
Wild type and triple mutant Arabidopsis plants were grown in hydroponic solution
without CuSO4. Plants were photographed 30 days after planting. Bar = 1 cm.
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Figure 3.15. Shoot dry weight of wild type (WT), triple mutants and quadruple
mutants under control and Cu deficient conditions.
Wild type, triple mutant and quadruple mutant plants were grown hydroponically under
control conditions (0.12 µM Cu) or in medium without CuSO4. Plants were harvested 30
days after planting. The data presented are the means ± SE of 2 replicates for control
condition and 5 replicates for Cu deficient condition. Significant differences from the
wild type under the same conditions determined by Student’s t test are indicated by one
(p<0.05) asterisk.
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Figure 3.16. Shoot height of wild type (WT), triple mutants and quadruple mutants
under control and Cu deficient conditions.
Wild type, triple mutant and quadruple mutant plants were grown hydroponically under
control conditions (0.12 µM Cu) or in medium without CuSO4. Plants were harvested 30
days after planting. The data presented are the means ± SE of 2 replicates for control
condition and 5 replicates for Cu deficient condition. Multiple comparisons were
determined by ANOVA (tukey method). Significant differences (p<0.05) are indicated by
different letters.
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Figure 3.17. Root length of wild type (WT), single mutants and quadruple mutants
under Cu deficient conditions.
Wild type, triple mutant and quadruple mutant plants were grown hydroponically in
medium without CuSO4. The data presented are the means ± SE of 5 replicates. Multiple
comparisons were determined by ANOVA (tukey method). Significant differences
(p<0.05) are indicated by different letters.
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Figure 3.18. Leaf phenotype of triple mutants and quadruple mutant under Cu
deficient conditions.
Photograph show the development of inteveinal chlorosis and yellow spots on the leaves
of mt1a/mt2a/mt2b, mt1a/mt2b/mt3, and mt1a/mt2a/mt2b/mt3 (quad) plants. Wild type
and mutant plants were grown hydroponically for 4 weeks without CuSO4. Bar = 1cm.
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Figure 3.19. Growth of reproductive organs of wild type, triple mutants and
quadruple mutant under Cu deficient conditions.
Photographs show the development of reproductive organs in wild type, mt1a/mt2a/mt2b,
mt1a/mt2b/mt3, and mt1a/mt2a/mt2b/mt3 (quad) plants. Wild type and mutant plants
were grown hydroponically for 4 weeks without CuSO4. White arrows indicate the
abnormal growth of floral peduncles. Bar = 5 mm.
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Figure 3.20. Growth of Arabidopsis wild type (WT) and quadruple MT-deficient
mutant (quad) on agar plates under control and Cu deficient conditions.
Wild type and quadruple MT-deficient mutant plants were grown for 8 days on ¼
Hoagland’s medium supplemented with 0.12 µM Cu (A), or on medium without Cu and
containing the Cu chelator bathocuproine disulphonate (BCS, B). Bar = 1 cm.
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Figure 3.21. Root growth of Arabidopsis wild type (WT) and quadruple MTdeficient mutant plants (quad) on agar plates under control and Cu deficient
conditions.
Wild type and quadruple MT-deficient mutant seedlings grown for 8 days on ¼
Hoagland’s medium supplemented with 0.12 µM Cu as a control, or medium without Cu
and containing the Cu chelator bathocuproine disulphonate (BCS). The data presented are
the means ± SE of 30 replicates. Significant differences from the wild type determined by
student’s t test indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.22. RNA expression of MT genes in roots and shoots of wild type plants
under control and Cu deficient conditions.
Wild type seedlings were grown for 2 weeks on agar plates with ¼ Hoagland’s medium
containing 0.12 µM CuSO4 as control or on medium without added CuSO4 and containing
the Cu chelator bathocuproine disulphonate (BCS). RNA was isolated from roots and
shoots. RNA expression of MT1a, MT1c, MT2a, MT2b and MT3 was determined by QRT-PCR and normalized using UBC and ACT2 genes. The data presented are the means
± SE of 4 replicates. Significant differences from control determined by Student’s t test
are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.23. RNA expression of MT1c in roots (A) and shoots (B) of wild type and
quadruple MT-deficient mutant (quad) under control and Cu deficient conditions.
Wild type and quadruple mutant seedlings were grown for 2 weeks on agar plate with ¼
Hoagland’s medium containing 0.12 µM CuSO4 as control or on medium without added
CuSO4 and containing the Cu chelator bathocuproine disulphonate (BCS). RNA was
isolated from roots and shoots. RNA expression of MT1c was determined by Q-RT-PCR
and normalized using UBC and ACT2 genes. The data presented are the means ± SE of 4
replicates. Significant differences from WT determined by Student’s t test are indicated
by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.24. RNA expression of copper chaperone for superoxide dismutase and
superoxide dismutase genes in roots and shoots of wild type (WT) and quadruple
MT-deficient mutant (quad).
Wild type and quadruple MT-deficient mutant seedlings were grown for 2 weeks on agar
plate with ¼ Hoagland’s medium containing 0.12 µM CuSO4 as control or on medium
without added CuSO4 and containing the Cu chelator bathocuproine disulphonate (BCS).
RNA was isolated from roots and shoots. RNA expression of CCS1, Cu/ZnSOD (CSD1)
and FeSOD (FSD1) was determined by Q-RT-PCR and normalized using UBC and ACT2
genes. The data presented are the means ± SE of 4 replicates. Significant differences from
WT determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01)
asterisks.
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Figure 3.25. RNA expression of COPT transporter genes in roots and shoots of wild
type (WT) and quadruple MT-deficient mutant (quad).
Wild type and quadruple MT-deficient mutant seedlings were grown for 2 weeks on agar
plate with ¼ Hoagland’s medium containing 0.12 µM CuSO4 as control or on medium
without added CuSO4 and containing the Cu chelator bathocuproine disulphonate (BCS).
RNA was isolated from roots and shoots. RNA expression of COPT1 and COPT2 was
determined by Q-RT-PCR and normalized using UBC and ACT2 genes. The data
presented are the means ± SE of 4 replicates. Significant differences from WT
determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.26. RNA expression of ZIP transporter genes in roots and shoots of wild
type (WT) and quadruple MT-deficient mutant (quad).
Wild type and quadruple MT-deficient mutant seedlings were grown for 2 weeks on agar
plate with ¼ Hoagland’s medium containing 0.12 µM CuSO4 as control or on medium
without added CuSO4 and containing the Cu chelator bathocuproine disulphonate (BCS).
RNA was isolated from roots and shoots. RNA expression of ZIP2 and ZIP4 was
determined by Q-RT-PCR and normalized using UBC and ACT2 genes. The data
presented are the means ± SE of 4 replicates. Significant differences from WT
determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.27. RNA expression of P-type ATPase transporter genes in roots and
shoots of wild type (WT) and quadruple MT-deficient mutant (quad).
Wild type and quadruple MT-deficient mutant seedlings were grown for 2 weeks on agar
plate with ¼ Hoagland’s medium containing 0.12 µM CuSO4 as control or on medium
without added CuSO4 and containing the Cu chelator bathocuproine disulphonate (BCS).
RNA was isolated from roots and shoots. RNA expression of HMA5 and PAA1 (HMA6)
was determined by Q-RT-PCR and normalized using UBC and ACT2 genes. The data
presented are the means ± SE of 4 replicates. Significant differences from WT
determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.28. RNA expression of IRT transporter and ferric reductase genes in roots
and shoots of wild type (WT) and quadruple MT-deficient mutant (quad).
Wild type and quadruple MT-deficient mutant seedlings were grown for 2 weeks on agar
plate with ¼ Hoagland’s medium containing 0.12 µM CuSO4 as control or on medium
without added CuSO4 and containing the Cu chelator bathocuproine disulphonate (BCS).
RNA was isolated from roots and shoots. RNA expression of IRT1, FRO3 and FRO5 was
determined by Q-RT-PCR and normalized using UBC and ACT2 genes. The data
presented are the means ± SE of 4 replicates. Significant differences from WT
determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.29. RNA expression of YSL transporter genes in roots and shoots of wild
type (WT) and quadruple MT-deficient mutant (quad).
Wild type and quadruple MT-deficient mutant seedlings were grown for 2 weeks on agar
plate with ¼ Hoagland’s medium containing 0.12 µM CuSO4 as control or on medium
without added CuSO4 and containing the Cu chelator bathocuproine disulphonate (BCS).
RNA was isolated from roots and shoots. RNA expression of YSL1, YSL2 and YSL3 was
determined by Q-RT-PCR and normalized using UBC and ACT2 genes. The data
presented are the means ± SE of 4 replicates. Significant differences from WT
determined by Student’s t test are indicated by one (p<0.05) or two (p<0.01) asterisks.

128

Figure 3.30. Hypersensitivity of quadruple MT-deficient mutants to high light levels
when grown under Cu deficient conditions.
Wild type and quadruple MT-deficient mutant plants were grown hydroponically under
control conditions (0.12 µM Cu) or in medium without CuSO4. The standard light
intensity and the high light intensity in this experiment were 120 µmol.m-2.s-1 and 234
µmol.m-2.s-1, respectively. Photographs were taken 3 weeks after planting. Bar = 1 cm.
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Figure 3.31. Shoot dry weight of wild type (WT) and quadruple MT-deficient
mutant in response to high light levels when grown under Cu deficient conditions.
Wild type and quadruple MT-deficient mutant plants were grown hydroponically for 4
weeks under control conditions (0.12 µM Cu) or in medium without CuSO4. The light
intensity in this experiment was 234 µmol.m-2.s-1. The data presented are the means ± SE
of 6 replicates. Significant differences from the wild-type determined by student’s t test
are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 3.32. Growth of siliques of wild type (WT) and quadruple MT-deficient
mutant under control and Cu deficient conditions.
Wild type and quadruple MT-deficient mutant plants were grown in hydroponic solution
with 0.12 µM Cu under 16-hour light photoperiod for 3 weeks. Plants were either
maintained under these conditions (control) or transferred to medium without any CuSO4
(-Cu). Photographs were taken at 5 weeks after planting. Bar = 1 cm.
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Figure 3.33. Seed morphology of wild type (WT) and quadruple MT-deficient
mutant under control and Cu deficient conditions.
Wild type and quadruple MT-deficient mutant plants were grown in hydroponic solution
with 0.12 µM Cu under 12-hour light photoperiod for 6 weeks until they entered
reproductive stage. Photoperiod was changed to 16-hour light after bolting to promote
flowering. After the fist flower opened, plants were either maintained under Cu-sufficient
conditions (control) or transferred to medium without any CuSO4 (-Cu). Seeds were
collected when they were matured at about 12 weeks. Bar = 1 mm.
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Figure 3.34. Seed weight of wild type (WT) and quadruple MT-deficient mutant
under control and Cu deficient conditions.
Wild type and quadruple MT-deficient mutant plants were grown in hydroponic solution
with 0.12 µM Cu under 12-hour light photoperiod for 6 weeks until they entered
reproductive stage. Photoperiod was changed to 16-hour light after bolting to promote
flowering. After the fist flower opened, plants were either maintained under Cu-sufficient
conditions (control) or transferred to medium without any CuSO4 (-Cu). Seeds were
collected when they were matured at about 12 weeks. The data presented are the means ±
SE of 6 replicates. Each replicate is 100 dry seeds collected from an individual plant.
Significant differences from the wild type determined by student’s t test are indicated by
one (p<0.05) or two (p<0.01) asterisks.

Figure 3.35. Cu ion concentration in leaves and seeds of wild type (WT) and quadruple MT-deficient mutant under control
and Cu deficient conditions.
Wild type and quadruple MT-deficient mutant plants were grown in hydroponic solution with 0.12 µM Cu under 12-hour light
photoperiod for 6 weeks until they entered reproductive stage. Photoperiod was changed to 16-hour light after bolting to promote
flowering. After the fist flower opened, plants were either maintained under Cu-sufficient conditions (control) or transferred to
medium without any CuSO4 (-Cu). Young leaves were collected before transferring the medium. Senescent leaves and seeds
were collected when they were matured at about 12 weeks. The data presented are the means ± SE of 6 replicates. Significant
differences from the wild type under the same conditions determined by student’s t test are indicated by one (p<0.05) or two
(p<0.01) asterisks.
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CHAPTER 4.
CHARACTERIZATION OF METALLOTHIONIENS IN BARLEY

4.1. Introduction
Many metals are essential for normal plant growth and development. For instance,
Cu is required for photosynthesis, respiration, hormone perception, and antioxidant
activity. More than 300 enzymes involved in biosynthesis and turnover of proteins,
carbohydrates, lipids and nucleic acids require Zn as a cofactor. Zn finger domains in
several transcription factors are necessary for regulation of transcription (Marschner,
1995; Finney and O'Halloran, 2003). Although metals are required to maintain normal
growth, elevated concentrations can be harmful. Therefore, plants have evolved uptake
and distribution mechanisms in order to regulate metal concentrations throughout their
organs.
First discovered in horse kidney as cadmium binding proteins in 1957 (Margoshes
and Vallee, 1957), metallothioneins (MTs) have been studied in many animals as well as
in plants, fungi, and cyanobacteria. MTs are low molecular weight (4-8 kDa), cysteinerich proteins that have the capacity to bind metals. MTs in plants are classified into 4
types, and a plant may have more than one gene of each type. MT genes that encode all 4
types of metallothioneins are found throughout monocots and dicots, indicating that
evolution of MT genes predates the separation of these two groups of flowering plants.
Arabidopsis contains 7 actively expressed MT genes, designated as AtMT1a, AtMT1c,
AtMT2a, AtMT2b, AtMT3, AtMT4a, and AtMT4b (Cobbett and Goldsbrough, 2002). In
poplar, 6 genes have been identified from root and leaf cDNA libraries and the protein
products have been classified as type 1, 2 and 3 with two genes per each type
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(Kohler et al., 2004). Genes encoding type 4 MT have also been cloned and characterized
from sesame seeds (Chyn et al., 2005). In monocots, all 4 types of MTs have also been
identified in rice (Zhou et al., 2005), sugarcane (Figueira et al., 2001; Sereno et al., 2007)
and barley (Heise et al., 2007; Hegelund et al., 2012). Type 1 and type 4 MTs have been
reported in wheat (Kawashima et al., 1992; Snowden and Gardner, 1993) and maize as
well (de Framond, 1991; White and Rivin, 1995).
Investigation of RNA expression in several plant species suggests that MT genes
are expressed abundantly in particular organs. Type 1 MT genes are preferentially
expressed in roots, whereas type 2 genes are preferentially expressed in shoots. Type 3
genes are expressed in ripening fruits and in leaves of plants without fruits. Type 4 MT
genes are different from the others because their expression is restricted to developing
seeds (Cobbett and Goldsbrough, 2002). To gain insight into tissue-specific expression,
the activity of GUS driven by MT promoters has been examined in Arabidopsis and rice.
In Arabidopsis, AtMT1a and AtMT2b are expressed in the phloem of all organs and
induced by Cu. Expression of AtMT2a and AtMT3 is also induced by Cu and is prominent
in mesophyll cells of young leaves and in root tips (Guo et al., 2003). Histochemical
staining of GUS activity in rice tissues has shown that OsMT2b is strongly expressed in
immature panicles of rice, the scutellum of germinating embryos, and in the primordium
of lateral roots (Yuan et al., 2008).
Regulation of MT gene expression by hormones and various kinds of stress
conditions has also been studied. ABA up-regulates expression of type 4 MT genes in
wheat and rice embryos (White and Rivin, 1995; Zhou et al., 2005) whereas cytokinins
can down-regulate rice OsMT2b (Yuan et al., 2008). Sucrose starvation (Hsieh et al.,
1996), dehydration (Yang et al., 2009), salinity (Nishiuchi et al., 2007), cold stress (Zhu
et al., 2009), senescence (Heise et al., 2007), and ROS inducers (Nishiuchi et al., 2007;
Zhu et al., 2009) can induce MT gene expression. A number of gene expression studies
suggest that plant MTs may contribute to metal homeostasis. For example, Cu treatment
strongly induces expression of MT genes in Arabidopsis and rice seedlings (Yu et al.,
1998; Guo et al., 2003). Elevated Zn treatment triggers expression of type 1 MT genes in
poplar and rice (Castiglione et al., 2007; Yang et al., 2009). Other metals such as Cd, Pb,
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Fe, and Al can also induce the expression of MT genes (Okumura et al., 1992; Yu et al.,
1998; Heise et al., 2007).
Barley (Hordeum vulgare L.) ranks as the fourth most important small-grained
cereal crop worldwide after maize (Zea mays L.), wheat (Triticum aestivum L.) and rice
(Oryza Sativa L.). Barley is diploid with a large haploid genome of 5.1 gigabases (Gb).
The complete barley genome has been published recently (Mayer et al., 2012). Most of
the crop is used for animal feed and for malting. Therefore, much research has been
focused on the improvement of nutrient use efficiency in this crop in order to increase
grain quality and production yield. Studies of the MT gene family in Arabidopsis indicate
these genes participate in Cu and Zn homeostasis; these metals have functions in plant
growth and development (Guo et al., 2008; Ren et al., 2012). However, knowledge about
MT genes in barley is still limited. The research described in this chapter characterizes
the expression of barley MT genes in order to clarify the roles of MTs in metal ion
homeostasis, especially for Cu and Zn.
Gene transformation in barley is laborious. A. tumefaciens transformation has
been successfully developed in barley but the system is limited to a few cultivars such as
Golden Promise due to its capacity to regenerate (Bartlett et al., 2008). Particle
bombardment is an alternative strategy for gene transformation in barley; however, the
low efficiency, high transgene copy numbers and the random insertion into chromosomal
positions that may affect gene expression are important problems (Dahleen et al., 2007).
Although development of transgenic barley using a maize transposon (Ac/Ds) and TDNA insertion for functional genomics has been established, the number of mapped
insertion lines is still small compared to Arabidopsis (Zhao et al., 2006).
Virus induced gene silencing (VIGS) has been successfully used as a tool for
functional genomics in a range of dicots and monocots, especially in non-model plants.
For instance, VIGS has been used to investigate floral scent in petunia (Spitzer et al.,
2007), ethylene response phenotype in tomato (Liu et al., 2002; Fu et al., 2005), drought
stress tolerance in tobacco (George et al., 2010), symbiotic root nodules in pea
(Constantin et al., 2008), powdery mildew resistance in barley (Hein et al., 2005), and
leaf rust resistance in wheat (Scofield et al., 2005). VIGS exploits the ability of viruses to
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trigger post-transcriptional gene silencing in plants, which is a plant defense mechanism
(Waterhouse et al., 2001). In VIGS, a short fragment of the transcribed sequence from a
plant gene is introduced into a virus vector to make a recombinant virus. The virus is then
used to inoculate plants (Holzberg et al., 2002). RNA sequences from the virus genome
target the complementary plant RNAs, generating double-stranded RNA (dsRNA) in the
plant cell. The dsRNA is subsequently processed to short interfering RNA (siRNA),
which are then incorporated into RNA-induced silencing complexes (RISCs) that direct
the degradation of any complementary RNAs (Brodersen and Voinnet, 2006).
Several studies have demonstrated that VIGS is a useful tool for functional
genomic studies. VIGS is a rapid protocol. A phenotype generated by reducing
expression of a gene with VIGS can be observed within days or weeks, which is faster
than the production of a stable mutant using an RNAi transgene. Construction of a VIGS
vector does not need full-length cDNA sequences so it is applicable in plants that have
incomplete genome sequences. VIGS is transient and the gene silencing can be targeted
to particular organs, not the entire plant. Thus, this technique can avoid lethal phenotypes
that result from complete loss-of-function throughout the plant as occurs with a stable
mutation. VIGS can also be performed on plant species that are difficult to transform
(Scofield and Nelson, 2009).
Barley stripe mosaic virus (BSMV), the Hordeivirus type member, has become a
popular vector for VIGS in barley and wheat (Scofield and Nelson, 2009; Lee et al.,
2012). BSMV is a tripartite positive-sense RNA virus, composed of α, β and γ RNAs that
have a methylated 5’ cap and a 3’ polydenylate sequence (Agranovsky et al., 1979;
Negruk et al., 1979). The α RNA encodes RNA-dependent RNA polymerase (RdRP) for
replication. The β RNA encodes capsid protein (CP) and triple gene block (TGB) proteins
responsible for systemic movement. The smallest one, γ RNA, encodes an additional
RdRP (γa) and a pathogenicity protein (γb) (Jackson et al., 2009). To perform VIGS
experiments, α, β, and γ DNA plasmids are transcribed in vitro. The mixed transcripts are
then inoculated onto host plants by rub inoculation. A short DNA fragment of 120-500
base pairs identical to a plant transcript is inserted into the γ plasmid at restriction
enzyme sites immediately 3’ to the stop codon of the γb gene (Holzberg et al., 2002).
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Fragments shorter than 120 base pairs are less effective for BSMV (Scofield et al., 2005)
whereas larger fragments are unstable and likely to be lost from the virus (BruunRasmussen et al., 2007).
In this chapter, I have identified 9 barley MTs from EST databases. Analysis of
RNA expression indicates that the expression pattern of barley MT genes is tissue
specific. I have examined the response of barley MT genes (HvMTs) to different metal
concentrations of Cu and Zn in order to clarify the roles of MTs in metal ion homeostasis.
I have used a hydroponic system to study Cu uptake and accumulation in leaves and
seeds of barley plants. Lastly, I have tried to use the VIGS system to silence HvMT1a;
however, the virus cannot suppress expression of this gene. The stability of MT RNA
fragments in the virus need to be examined in future experiments.
The knowledge generated from this work will enhance the understanding of the
role of metallothioneins in Cu and Zn homeostasis in monocots. Comprehensive
information about metal ion homeostasis may be of use for the manipulation of cereal
crops especially to enhance the nutritional value of cereal grains.
4.2. Materials and methods
4.2.1. Plant materials
Six-row spring barley plants (Hordeum vulgare cv. Steptoe) were used for all
experiments in this chapter. Plants were grown under different conditions according to
the purposes of each experiment as described below.
4.2.2. Growth of barley under soil conditions
Barley plants were grown in Sunshine Redi-earth® (Sun Gro HORTICULTURE,
USA). The soil mix was autoclaved at 121 °C for 20 min before used. Seeds were
dehusked and germinated in wet paper towels in the dark at 22 °C for 4 days. Individual
seedlings were transferred to an 11-cm pot and maintained in a growth chamber with
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light intensity of 200 µmol.m-2.s-1 at 22 °C, 60% humidity and 16-hour light photoperiod.
Plants were watered by sub-irrigation twice a week. For fertilization, plants were
fertilized with commercial Miracle Gro® by sub-irrigation every 2 weeks. To prepare the
fertilizer solution, one tablespoon of solid Miracle Gro® was mixed with one gallon of
tap water according to the manufacturer’s instruction.
4.2.3. Growth of barley under hydroponic conditions
Barley seeds were dehusked and germinated in wet paper towels in the dark at
22 °C for 4 days. Healthy seedlings were selected and placed inside sponge plugs. The
sponge plugs were inserted into pre-cut holes in a Stryofoam raft floating in a plastic box
containing half-strength hydroponic solution with constant aeration. The full-strength
modified Hoagland solution (Hoagland and Arnon, 1950) consisted of 2.5 mM
Ca(NO3)24H2O, 1.25 mM K2SO4, 1 mM MgSO47H2O, 0.25 mM KH2PO4, 2.5 mM
KNO3, 0.2 µM KCl, 5 µM MnSO4H2O, 12.5 µM H3BO3, 5 µM ZnSO47H2O, 0.5 µM
CuSO45H2O, 0.1 µM Na2MoO4 2H2O, 1mM sodium silicate and 27.5 mg/l iron as Fesequestrene. The pH of the medium was adjusted to 5.6-5.7 with KOH and buffered with
5 mM MES. Plants were grown in a growth chamber under 16 h light photoperiod (200
µmol.m-2.s-1), at 22 °C and 60% relative humidity. The solution was changed weekly.
The seedlings were cultured in half-strength nutrient solution for 10 days and then
transferred to full-strength nutrient solution. Plants were grown for an additional 13 to 15
weeks until they completed their life cycle and the mature seeds were completely dry.
To grow barley plants under different Cu and Zn concentrations, 4-day-old
germinated plants were transferred to amended half-strength hydroponic solutions
containing 0, 0.25, and 25 µM CuSO4 for Cu treatment; and 0, 2.5, and 25 µM ZnSO4 for
Zn treatment. Leaf and root tissues of the seedlings were harvested after 10 days for RNA
extraction and metal analysis.
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4.2.4. Database searching and sequence analysis
Barley MT expressed sequence tags (EST) were collected from various EST
databases using sequences of known MT genes from Arabidopsis and rice as references.
These EST databases included NCBI

(dbEST: http://www.ncbi.nlm.nih.gov/dbEST),

Plant Expression Database (PlexDB: http://www.plexdb.org) (Shen et al., 2005), TIGR
(http://plantta.jcvi.org/),

Crop-EST

(http://pgrc.ipk-gatersleben.de/cr-est/index.php)

(Kunne et al., 2005), HvGI gene index (http://compbio.dfci.harvard.edu/tgi/cgibin/tgi/gimain.pl?gudb=barleyand)

and

Barley

Database

(Barley

DB:

http://www.shigen.nig.ac.jp/barley/- EST) (Sato et al., 2009). The coding region of each
barley MT EST was translated into its amino acid sequence by the ExPASy translation
tool (http://web.expasy.org/translate/). Additionally, the amino acid sequences of barley
MTs were identified in the UniproKB database (http://www.uniprot.org) and compared
with the translated sequences from EST databases. Multiple alignment of the putative
barley

MT

proteins

was

performed

using

the

online

software

Multalin

(http://bioinfo.genotoul.fr/multalin/multalin.html) (Corpet, 1988) and classified into 4
types based on the Cys-rich domains of the proteins.
For phylogenetic analysis, MT proteins from monocots and dicots, including
barley (Hordeum vulgare), rice (Oryza sativa subsp. japonica), maize (Zea mays), wheat
(Titricum aestivum), Arabidopsis (Arabidopsis thaliana) and poplar (Populus trichocarpa
x Populus deltoides) were identified using BLAST and aligned with Clustal omega
(Sievers et al., 2011). The phylogenetic tree was drawn with the program SeaView
version 4.4.1 (Gouy et al., 2010) using neighbor-joining algorithms.
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4.2.5. Gene Expression analysis
In order to determine tissue specific expression of the barley MT gene family,
plant tissues at different developmental stages were collected from barley plants grown in
a hydroponic system. Various tissues were harvested from 5-week plants including roots,
young emerging leaves, mature flag leaves, senescent leaves and stems. I harvested
immature seeds at the hard-dough stage of development. Dry seeds were harvested later
when they were completely dried. Total RNA from leaves, roots, stems and immature
embryos was extracted using TRIzol Reagent (Invitrogen). Total RNA from senescent
leaves, immature endosperms and mature seeds was extracted using 5' PerfectPure RNA
Purification Kits (5 PRIME). After extraction, total RNA was treated with DNAse (Turbo
DNA-free Kit, Applied Biosystems/Ambion). The quantity of RNA was determined
using a NanoDrop 1000 (Thermo Scientific) and quality was assessed on a formaldehyde
agarose gel. RNA was reverse transcribed using 1 µg of DNAse-treated RNA and 0.5 µL
of AMV-reverse transcriptase (Promega), according to the manufacturer’s instructions.
After first strand cDNA synthesis, the cDNA was diluted 50 times and 2 µL were used as
template in a 15 µL quantitative, real-time PCR reaction. The real-time PCR reactions
were performed in a Mx3000P real-time PCR cycler (Stratagene) using SYBR Green to
monitor cDNA amplification (Brilliant SYBR Green QPCR Master Mix, Agilent
Technologies). The following thermal profile was used: 10 min at 95 °C for 1 cycle, 2
min for 40 cycles (30 s at 95 °C, 30 sec at 60 °C, 30 s at 72 °C), and 2 min for 1 cycle (1
min at 95 °C, 30 s at 60 °C, 30 s at 95 °C). Specific primers used for PCR amplification
(Appendix C) were designed using the real time PCR primer tool on the IDT website
(IDT

integrated

DNA

Technologies,

http://www.idtdna.com/Scitools/Applications/RealTimePCR/). Transcript levels of MT
genes were normalized to a ubiquitin gene (UBI) and a glyceraldehyde-3-phosphate
dehydrogenase gene (GAPDH).
In order to study gene expression in plants grown under different Cu and Zn
regimes, RNA was extracted from roots and shoots of 10-day-old plants grown in various
metal concentrations. The transcript levels were determined using quantitative real-time
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PCR as described above. I used HvCOPT5, a copper transporter gene that is up-regulated
under low Cu conditions, as a control for Cu treatments. Similarly, HvZIP3 and HvZIP5,
Zn transporter genes that are up-regulated under low Zn and down-regulated under high
Zn, were used as controls for Zn treatments.
4.2.6. Manipulation of Cu stable isotopes in hydroponic solution
To determine the source of Cu accumulated in seeds, barley plants were grown in
medium where the concentrations of the stable isotopes of Cu (63Cu and
altered.

65

CuSO4.5H2O (99.7%

65

65

Cu) were

Cu) was purchased from Isoflex USA (San Francisco,

CA, USA). Plants were cultured in a hydroponic solution containing 65CuSO4 (97% 65Cu,
3%

63

Cu) for about 4-5 weeks. When the flag leaf of the first tiller was fully expanded

and the spike was emerging from the boot, plants were switched to medium containing
natural Cu (70% 63Cu, 30% 65Cu). Before transfer to the new solution, roots were washed
twice in deionized water to remove residual 65CuSO4 that was bound to the roots. Plants
were grown under natural Cu until they completed their life cycle. For the control, plants
were grown under natural Cu throughout their life cycle. Young flag leaves of the fist
tillers were harvested at 5 weeks before switching the stable isotope medium, and
senescent flag leaves and dry seeds were harvested at 14 weeks to determine the
abundance of Cu isotopes. The leaf and seed tissues were analyzed by ICP-MS. Isotopic
ratio of Cu in the nutrient solution was also monitored as shown in Table 4.1.
4.2.7. Metal ion analysis
To determine metal ion content in barley plants, roots and leaves were harvested
and oven-dried at 65 °C for 2 days. Root tissues were washed before drying in order to
remove additional contaminating metals from the nutrient solution. Roots were washed
first in deionized water, followed by citrate buffer (20 mM sodium citrate, 1 mM EDTA,
pH 4.2), and then 25 mM CaCl2 (pH 5.0). Each wash lasted 10 min. After a final wash in
deionized water, roots were dried. After drying, tissue dry weights were determined and
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the tissues were ground using a glass mortar and pestle. The ground tissues (10 to 50 mg)
were digested in 1 ml concentrated nitric acid (AR Select; Mallinckrodt Baker) at 115°C
for about 48 hours. The digested samples were diluted to a total volume of 4 ml with
deionized water (18.2 Mohms) and 500 µL of each sample was diluted again in 9.5 mL
deionized water. The diluted samples were used for analysis by inductively coupled
plasma-mass spectrometry (ICP-MS).
4.2.8. Virus induce gene silencing (VIGS) experiment
The four BSMV-VIGS plasmids bearing BSMV α (pα42) (Petty et al., 1989), β
(pβ42.sp1) (Petty et al., 1989), γ (pSL038-1) (Scofield et al., 2005), and γ-PDS4as
(pSL0398B-1) (Scofield et al., 2005) were kindly provided by Dr. Steven Scofield,
Department of Agronomy, Purdue University.
To clone the HvMT1a fragment used for silencing, RNA was isolated from barley
leaves and used as template to produce cDNA as described in section 4.2.4. A 230-bp
fragment of HvMT1a was amplified from cDNA with the forward primer VIGS-MT1aF
and reverse primer VIGS-MT1aR (see appendix D). Primer locations in the HvMT1a
gene are shown in Figure 4.16. The PCR product was cloned into pGEM-TEasy
(Promega) and verified by sequencing.
To clone this fragment into the BSMV vector, the HvMT1a insert was cut out of
pGEM-TEasy using NotI and cloned into pSL038-1 that had been cut with NotI and
treated with alkaline phosphatase. The desired plasmids were verified by sequencing
using primers pGamma Forward and pGamma Reverse (Appendix D). The fragment with
antisense orientation was selected for silencing experiment.
The plasmids corresponding to the tripartite BSMV genome were linearlized with
MluI (α and γ genomes) and SpeI (β genome). Capped in vitro transcripts were prepared
using the mMessage mMachineTM T7 in vitro transcription kit (Ambion, Inc. Austin, TX,
USA), following the manufacturer’s protocol. The final concentration of RNA produced
from these reactions was typically 1-1.5 µg/µl. Plants were infected with BSMV using
Dr. Scofield’s laboratory protocol (Scofield et al., 2005). Barley plants cv. Steptoe were
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grown in soil for 15-16 days until the second leaves were fully expanded. One microliter
of each of the in vitro transcription reactions for the α, β and γ RNAs were combined and
added to 22.5 µl FES buffer (0.1 M Glycine, 0.06 M K2HPO4, 1% Sodium
Pyrophosphate, 1% Bentonite, 1% Celite). The mixture was applied by rub inoculation.
The mixture was pipetted between the pinched thumb and first finger of a gloved hand.
The second leaf was gently squeezed between gloved first finger and thumb. Sliding the
pinched fingers from base to tip of the leaf twice would allow RNA mixture to coat the
entire leaf. Photobleaching caused by silencing of phytoene desaturase (PDS) was used as
a positive control.
The fourth leaves from individual plants were harvested 12 days post inoculation,
unless described otherwise. Leaves that did not show symptoms of BSMV infection,
which were less than 5% of total inoculated plants, were discarded. The harvested leaf
was cut in half along the mid-vein. One half was frozen in liquid nitrogren for RNA
extraction, the other half was dried at 65 °C and used for metal ion analysis.
For each independent experiment, a leaf from an individual plant was counted as
one biological replicate. Five biological replicates were used for gene expression analysis
and 6 biological replicates for metal analysis. Total RNA was extracted using TRIzol
Reagent (Invitrogen) according to the manufacturer’s protocol. Prior to cDNA synthesis
all RNA samples were treated with DNAse I using Turbo DNA-free Kit (Applied
Biosystems/Ambion). Expression of the target genes was quantified by real-time PCR as
described in 4.2.4. Metal ion content in the target leaves was analyzed as described
earlier in 4.2.6.
4.2.9. Statistical analysis
Statistical analysis of the data was performed using student’s t test or One-Way
ANOVA: Post Hoc Multiple Comparisons-Tukey's HSD tests from the SPSS software.
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4.3. Results
4.3.1. Characterization of the barley metallothioneins
The expressed sequence tag (EST) sequences of putative barley MT genes
(HvMTs) were identified in various databases as described in materials and methods. I
found 9 putative genes in barley EST databases. The translated amino acid sequences
were classified into 4 types based on the arrangement of cysteine residues (Cobbett and
Goldsbrough, 2002) (Figure 4.1). There are four type 1 MTs (HvMT1a, HvMT1b,
HvMT1c and HvMT1d), three type 2 MTs (HvMT2a, HvMT2b and HvMT2c), one type
3 (HvMT3) and one type 4 (HvMT4). Amino acid sequence identity ranges from 57% to
92% for type 1 barley MTs, and 49% among type 2 MTs. The cysteine-rich domains in
MT proteins are highly conserved. Type 1 contains 2 cysteine-rich domains with 6
cysteine residues in each domain. Type 2 MTs also have 2 cysteine-rich domains, but
with 8 cysteine residues in the first domain. The cysteine residues in the second domain
of type 2 MTs are more variable than in type 1. Type 3 has 4 cysteine residues in the first
domain and 6 cysteine residues in the second domain. Type 4 MTs are different in that
they contain 3 cysteine-rich domains in the amino acid sequence.
Phylogenetic analysis showed that MTs are conserved in both monocots and
dicots (Figure 4.2), suggesting they have important roles in angiosperms. The tree is
separated into main four subgroups, which is in agreement with the classification of MTs
into four types based on the distribution of cysteine residues. Barley MTs are distributed
among the four subgroups. Separation of type 3 and type 4 of plant MTs from other types
is clearly distinct. However, type 1 and 2 are closely related. Poplar PtdMT1a and
PtdMT1b are clustered among type 2 MTs from other plants. It should be noted that rice
MTs use a different naming scheme from other plant MTs (Zhou et al., 2006). OsMT4a,
OsMT4b and OsMT4c are not type 4 MTs but related to type 1. There is only one type 4
in rice, which is designated as OsMT-II-1a.
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4.3.2. Tissue specific expression of MT genes
In this dissertation I focused on type 1, type 2 and type 3 metallothionein genes.
Therefore, analysis of type 4 MT gene expression was excluded. Although at least 8
barley MT genes from type 1 to type 3 were identified from EST databases, I detected the
transcripts of 5 MT genes in barley cv. Steptoe (HvMt1a, HvMT1c, HvMT2a, HvMT2b
and HvMT3) based on RT-PCR and sequencing analysis. To study spatial expression of,
these five MT genes, RNA was isolated from roots, young emerging leaves, mature flag
leaves, senescent leaves, stems, immature embryos, immature endosperm, and mature
seeds of plants grown in a hydroponic system. HvMTs exhibited different patterns of gene
expression in different tissues (Fig. 4.3A and 4.3B). HvMT1a is highly expressed in
vegetative tissues but was down-regulated in mature seeds and immature embryos.
HvMT1a was strongly expressed in leaves, especially as they senescenced. HvMT1c,
however, differed from the other HvMTs because it was expressed only in root tissues.
Type 2 barley MT genes, HvMT2a and HvMT2b, were expressed in both vegetative and
seed tissues. Type 2 MT RNAs were highly expressed in leaves, but only moderately
expressed in stems, immature embryos, immature endosperms, and mature seeds.
Interestingly, HvMT2a was more highly expressed than HvMT2b in roots. The RNA
expression level of the type 3, HvMT3 was also high in leaves, similar to type 1 and type
2. HvMT3 expression was also detected in roots, stems, and seeds, but at a lower level
than seen in leaves.
4.3.3. Effect of Cu and Zn on hydroponically grown barley plants
I established a hydroponic system for growing barley plants under different
concentrations of CuSO4 or ZnSO4. In this system, absence of Cu (0 µM Cu) reduced the
growth of 10-day-old barley plants compared to the plants grown under control
conditions (0.25 µM Cu) (Fig. 4.4A). Root and shoot dry weights were significantly
reduced under Cu deficient conditions (Fig. 4.7A). Plants grown in high Cu treatment (25
µM Cu) were stunted and chlorotic. Younger leaves were more chlorotic than older
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leaves (Fig. 4.4A). Dry weights of roots and shoots of plants grown under high Cu were
also reduced compared to the control (Fig. 4.7A). I analyzed Cu content in root and shoot
tissues using ICP-MS. Plants grown with no Cu accumulated significantly less Cu in both
roots and shoots. Roots and shoots of barley plants grown in medium containing 25 µM
Cu accumulated more copper than plants grown in the control medium, which contained
0.25 µM Cu (Fig. 4.8A).
Plants grown with no added Zn for 10 days were stunted (Fig. 4.4B) and had
reduced root and shoot dry mass than plants grown in standard conditions (Fig. 4.7B).
Similar to plants grown in medium containing a high concentration of Cu, barley plants
cultured in medium containing a high concentration of Zn (25 µM Zn) were stunted and
had chlorotic leaves. However, chlorosis appeared on the oldest leaves first and then
spread to the younger leaves (Fig. 4.4B). Root and shoot growth of plants grown under
high Zn was significantly reduced compared to the control (Fig. 4.7B). As expected, Zn
content in roots and shoots of plants grown with no added Zn was much lower compared
to the control treatment (2.5 µM Zn). Barley plants accumulated high amounts of Zn
when they were grown in medium with a high concentration of Zn (Fig. 4.8B).
Cu and Zn deficiency symptoms were further observed in 4 to 5-week-old plants
after sowing. Under control conditions, spikes had emerged by 5 weeks especially from
the first tillers and plants were flowering. Plants grown without Cu developed sterile
anthers and malformed female structures (Figure 4.5A). Although plants were able to
develop flowers under Cu deficient conditions, only a few florets at the base of spikes
were observed. Florets from the middle to the top of spikes failed to develop (Figure
4.5B). This observation demonstrates that Cu is critical for the development of
reproductive structures in barley. Lack of Cu also affected vegetative growth. Without
Cu, plants were stunted (Figure 4.5C). Young leaves produced from new emerging tillers
were yellowish and the youngest leaves were rod-shaped, with a brown, curling leaf tip.
The internodes were shorter than those produced from the first tillers (Figure 4.5D). The
effect of Zn deficiency was more severe than Cu deficiency because plant development
could not proceed to the reproductive stage. Growth was arrested at 3 weeks. Almost all
of the leaves were yellow-brown. The symptoms started to appear at the tips of the leaves
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and progressed to the base, and from older leaves to younger leaves. Most of the leaves
were completely senesced at 4 weeks and eventually died (Figure 4.6).
4.3.4. Response of metallothionein genes to different Cu or Zn concentrations
I hypothesized that barley MT genes function in homeostasis of metal
concentration, especially for Cu and Zn. Therefore, I examined the response of HvMTs
under different Cu and Zn concentrations. A high concentration of Cu in the growth
medium increased expression of HvMT2a, HvMT2b and HvMT3 in roots. Cu had no
effect on expression of HvMT1a and HvMT1c in roots (Fig. 4.9A). COPT5 RNA was
elevated in both roots and shoots of plants grown under Cu-deficient conditions. In
shoots, Cu had no effect on the level of RNA expression of any MT gene (Fig. 4.9B). A
high concentration of Zn induced greater expression of HvMT1c compared to the control
(Fig. 4.10A). Expression of the other MT genes in root tissues was not affected by Zn
concentration in the medium (Fig. 4.10A). Zn had no effect on expression of HvMT1a,
HvMT2a, HvMT2b and HvMT3 in shoots (Fig. 4.10B). Expression of the Zn transporter
ZIP5 was induced by Zn-deficiency in both roots and shoots.
4.3.5. Cu translocation in barley plants
Metallothioneins play an important role in Cu accumulation in leaves and seeds of
Arabidopsis (Chapter 2). I was interested to know if graminaceous MTs that are
expressed in vegetative tissues have a similar function in barley. Before addressing this
question, it was necessary to understand the physiology of Cu translocation in barley
leaves and seeds. In Chapter 2, I showed that most of the Cu accumulated in Arabidopsis
seeds came directly from soil while less Cu was remobilized from senescing leaves or
other organs. To understand Cu translocation in barley, I grew the plants in a hydroponic
solution amended with Cu stable isotopes similar to the Arabidopsis experiment
described in Chapter 2. In this experiment, barley plants were grown in
medium (97% 65Cu, 3%

63

65

Cu-enriched

Cu) for 4-5 weeks. When the inflorescence spike started to

149
emerge, plants were transferred to medium containing natural Cu (70% 63Cu, 30% 65Cu).
For the control, plants were grown under natural Cu throughout their life cycle. Plants
were grown under this condition until they completed their life cycle at 14 weeks. Cu
content in the young flag leaves was higher than in the senesced leaves (Figure 4.11).
This result indicates that some Cu is remobilized out of the flag leaf during senescence.
The percentage of 63Cu in young flag leaves, senescent flag leaves and dry seeds
was analyzed to determine the source of Cu accumulated in the seeds. After switching the
plants from 65Cu enriched medium to natural Cu, the percentage of 63Cu in senescent flag
leaves (40%) was higher than in the young flag leaves (5%) (Figure 4.12). This result
indicates that more Cu from roots was uploaded into the leaves even as the leaves
senesced. As mentioned before, the natural abundance of 63Cu is 70%, so if all of the Cu
deposited in seeds came from the medium the percentage of 63Cu in seeds should be 70%.
However, the mature seeds of barley plants grown in the switched medium contained
57.8 % 63Cu. Therefore, the majority of the Cu deposited in seeds came directly from the
roots but at least some of the Cu in seeds was remobilized from the flag leaves or another
tissue in the plant.
4.3.6. Using VIGS for functional analysis of metallothioneins in barley
I hypothesized that MTs expressed in vegetative tissues function in Cu
accumulation in barley leaves. If barley MTs play the same role as Arabidopsis MTs
under Cu sufficient conditions, reduced expression of MTs in barley leaves would affect
Cu accumulation. Silencing of MTs would lead to the elevated accumulation of Cu in
leaves.
Barley cultivar Black Hulless is commonly used for VIGS (Holzberg et al., 2002;
Scofield et al., 2005; Bruun-Rasmussen et al., 2007; Pacak et al., 2010). However, in
preliminary greenhouse experiments Black Hulless barley is sensitive to temperature,
pests and nutrient deficiency, resulting in low grain. Therefore, I evaluated 3 barley
cultivars that are susceptible to BSMV and have been reported to be suitable for VIGS
experiments including Black Hulless, Clansman (Hein et al., 2005) and Steptoe (Edwards
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and Steffenson, 1996). The spring barley varieties Clansman and Steptoe were
successfully grown in the greenhouse and both had a shorter life cycle and higher grain
yield compared to Black Hulless. I compared growth of the three cultivars in the
hydroponic system. Steptoe grew better than Black Hulless and Clansman, and it was the
only cultivar that developed to the reproductive stage. After optimization of hydroponic
conditions, Steptoe had 5-7 spikes per plant with fertile healthy seeds. Therefore, Steptoe
was used for all of the experiments in this chapter. Because of the difficulty of growing
barley in the greenhouse, both hydroponics and soil experiments were conducted in a
growth chamber.
Although Steptoe has been reported to be susceptible to infection by Barley stripe
mosaic virus (BSMV), it is not a popular cultivar for BSMV-VIGS. Therefore, I tested
BSMV-VIGS in Steptoe before using this system to silence a MT gene. VIGS was tested
to see if it could silence the phytoene desaturase gene (PDS), an essential gene in the
carotenoid pigment biosynthesis pathway. Suppression of PDS results in loss of
chlorophyll referred to as photobleaching. Second leaves of 16-day-old Steptoe were
inoculated with in vitro transcripts of the empty vector (BSMV::00), and the vector
designed to silence PDS (BSMV::PDS). Mock inoculation was used as a control. Ten
days post inoculation (dpi), the fourth and fifth leaves of both BSMV::00 and
BSMV::PDS plants exhibited symptoms of BSMV infection including yellow spots and
stripes on leaf blades. Leaves were pale green and the plants were stunted. After 12 dpi,
photobleaching was observed on the fourth and fifth leaves of BSMV::PDS plants. The
photobleaching was more obvious at 15 dpi. The symptoms affected approximately 65%
of the leaf area, primarily at the base and middle of the leaves (Figure 4.13A, B). In older
BSMV::PDS plants symptoms of the PDS silencing were observed in every leaf above
leaf three, including the flag leaves (Figure 4.14A, B). It should be noted that
photobleaching not only affected the first tiller but also spread to other tillers (Figure
4.14A). The extent of photobleaching was variable among individual plants.
Approximately 30% of BSMV::PDS plants developed large chlorotic areas on the fourth,
fifth and flag leaves, 50% of the plants developed moderate symptoms where the
bleaching affected half the area of the leaves in narrow strips parallel to the veins. The
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remaining 20% of BSMV::PDS plants exhibited less severe symptoms where chlorosis
was observed on only 10% of the leaf area. This group of plants was discarded in
subsequent experiments. Gene expression analysis in the leaf four at 12 dpi indicated that
expression of PDS in BSMV::PDS plants was reduced by up to 70% compared to
BSMV::00 plants and 77% compared to mock-inoculated plants (Figure 4.15). In
summary, silencing of PDS genes was successfully demonstrated in the barley cultivar
Steptoe.
To the best of my knowledge, suppression of MT genes using VIGS has never
been reported in plants. Moreover, there is no data on the effect of BSMV infection on
MT gene expression. If the virus itself, without any inserted MT fragment alters the
regulation of MT genes and affects metal homeostasis, BSMV-VIGS will not be a useful
system for functional characterization of this gene family. To investigate the effect of
BSMV on MT gene expression, I analyzed the expression of HvMT1a, HvMT2a,
HvMT2b and HvMT3 in leaf four of BSMV infected plants (BSMV::00 and BSMV::PDS)
12 days after inoculation. Mock-inoculated plants were used as a control. The results
showed that RNA expression of HvMT3 was significantly suppressed in BSMV:00
compared to mock infected plants. Expression of HvMT1a, HvMT2a and HvMT2b in
BSMV::00 and BSMV::PDS was not significantly different from the expression levels in
the mock infected plants. However, I found high variation in MT RNA expression among
leaf samples from different plants, and that resulted in large standard errors. Expression
of PDS in BSMV::00 was not significantly different from mock. As expected, PDS RNA
was dramatically reduced in BSMV::PDS plants. Since BSMV affected HvMT3
expression, this gene was not a good candidate for functional analysis using BSMVVIGS.
Silencing of HvMT1a by BSMV-VIGS was investigated in the cultivar Steptoe.
To make the VIGS construct, I used a 230-bp antisense DNA fragment that flanked the
ORF and 3’ UTR (Figure 4.16). In MT-deficient Arabidopsis mutants, accumulation of
Cu in leaves increased during senescence. If silencing of HvMT1a affects Cu homeostasis
as observed in Arabidopsis, the phenotype may not appear immediately in young leaves
when the gene is suppressed. Changes in metal accumulation may be observed in older
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leaves. Therefore, gene expression and metal analysis were conducted in leaf four at 12
dpi, when photobleaching was observed in BSMV::PDS plants; and in leaf four at 20 dpi.
BSMV::00 and BSMV::PDS plants were used as controls, respectively. Expression of
PDS in BSMV::PDS plants was reduced 67% at 12 dpi and 71% at 20 dpi compared to
BSMV::00 plants. This result demonstrated that silencing of this gene was still active
even in the older leaves at 20 dpi (Figure 4.17B). Unfortunately, the attempt to silence
HvMT1a using VIGS was unsuccessful. Expression of HvMT1a in barley leaves was not
changed at both 12 dpi and 20 dpi, compared to BSMV::00 plants (Figure 4.17A).
Analysis of metal content in leaf four of BSMV::MT1a infected plants showed that Cu
concentration did not change at 12 dpi (Figure 4.18). Although a small but significant
increase of Cu was detected in BSMV::MT1a at 20 dpi, this could not be caused by MT
silencing since HvMT1a RNA expression was not altered in BSMV::MT1a plants at this
stage. It is noteworthy that the concentrations of micronutrients including Cu, Zn, Fe and
Mn were significantly increased in leaves of BSMV::PDS plants (Figure 4.18). The PDS
gene may not be a suitable control for VIGS experiments that target genes involved in
metal homeostasis.
4.4. Discussion
Cu and Zn are important for plant growth and development; hence, plants require
efficient mechanisms to acquire, transport, and distribute these essential metals properly
throughout their organs. Functional characterization of MTs in Arabidopsis indicates
roles of these proteins in metal homeostasis. I have shown in Chapter 2 and 3 that
Arabidopsis plants deficient in 4 MT genes expressed in vegetative tissues (MT1a, MT2a,
MT2b, MT3) have altered Cu concentrations in leaves and seeds. The quadruple mutant is
also sensitive to Cu deficiency. In rice, overexpression of OsMT1a leads to increased Zn
uptake, resulting in high accumulation of Zn in leaves and grains (Yang et al., 2009).
Therefore, I hypothesized that MTs function in homeostasis of metals, especially Cu and
Zn, in both dicots and monocots.
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4.4.1. Barley metallothionein genes
The data obtained from various plant EST databases showed that barley contains
at least 9 MT-like genes. The translated proteins could be classified into 4 types based on
the arrangement of cysteine residues within the amino acid sequence. There are 4 type 1
MTs in barley, including HvMT1a (Barley1_00777), HvMT1b (Barley1_02421), HvMT1c
(Barley1_02422) and HvMT1d (Barley1_02424). The nomenclature shown in parentheses
is for ESTs from the Plant Expression Database (PLEXdb). In this study, I detected the
RNA expression of two type 1 MT genes, HvMT1a and HvMT1c. I did not detect the
expression of HvMT1b and HvMT1d in any Steptoe tissue. Fe deficiency induced
HvMT1b (ids-1: old nomenclature) expression in roots (Okumura et al., 1991). HvMT1b
was not detected in the barley cultivar Steffi, but HvMT1d was highly expressed in Cdexposed roots of Steffi (Heise et al., 2007). I found the EST sequence of HvMT1c
(FLbaf85m15), but not HvMT1d, in the “Barley DB” database that collects full-length
cDNA and EST sequences from the Japanese two-row malting barley cultivar Haruna
Nijo. Because the amino acid sequences translated from HvMT1c and HvMT1d are very
similar and their RNA expression was detected only in root tissues, these genes might be
allelic. Each barley cultivar may contain either HvMT1c or HvMT1d. Since the barley
genome project was just completed in 2012 (Mayer et al., 2012), gene annotation of the
barley genome will be more complete and accurate in the near future.
I identified three type 2 MT genes from databases including HvMT2a
(Barley1_00402), HvMT2b (Barley1_01456), and HvMT2c (old gene name: B22EL8).
B22EL8 RNA was detected in immature aleurone layers of barley (Klemsdal et al., 1991).
The full-length cDNA of HvMT2c (FLbaf45jo7) was also identified in the “Barley DB”
database. I did not detect expression of HvMT2c in any organ of Steptoe barley.
However, I cannot rule out that HvMT2c is not expressed in Steptoe. HvMT2c may be
expressed in other organs or under other conditions. It is interesting that the type 3 MT
gene (HvMT3: Barley1_01383) and type 4 MT gene (HvMT4: Barley1_01432) are highly
conserved among barley cultivars because these EST sequences have been detected in all
barley databases that were searched for this project.
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4.4.2. Spatial expression of HvMT genes
To study MT gene expression, I focused on 5 genes whose RNAs were detected
by RT-PCR in the barley cultivar Steptoe, including HvMT1a, HvMT1c, HvMT2a,
HvMT2b and HvMT3. All of the genes are expressed in vegetative tissues. The type 4 MT
gene, which is seed-specific, was not included in this study.
Expression of MT genes in barley is tissue-specific. The diverse patterns of
expression of MT genes in different organs suggest that each MT may have a different
function. I detected HvMT1c expression only in root tissues, similar to the type 1 MT
genes in rice (Yang et al., 2009). HvMT1c could function in roots to regulate metal
uptake and transport in the roots or balance metal distribution from the roots to aboveground organs. In contrast, HvMT1a RNA expression is high in both roots and leaves.
Thus HvMT1a could play a role in metal homeostasis in both roots and leaves. The
pattern of type 2 MT gene expression is slightly different from type 1 gene expression
because HvMT2a and HvMT2b are expressed more in leaves than in roots, and more in
seeds, especially immature embryos. This suggests that type 2 HvMT have functions in
both leaves and seeds, and may participate in delivery of Cu to seeds.
The expression pattern of HvMT3 is similar to that of OsMT3b in rice (Zhou et al.,
2006) and AtMT3 in Arabidopsis (Guo et al., 2003). Type 3 HvMT is expressed
abundantly in leaves, but less in roots and seeds. Expression levels in young leaves,
mature flag leaves, and senescent leaves are similar, suggesting that type 3 MTs are
required for metal homeostasis in leaves. Moreover, the high expression of type 3 MT
genes in senescent leaves indicates that type 3 genes might function as a metal chelator
during the senescence program in the leaves.
4.4.3. Regulation of HvMT genes by Cu and Zn
To examine the regulation of barley MT genes by Cu and Zn, I developed a
hydroponic system to grow barley plants under different Cu and Zn concentrations and
studied MT gene expression under these conditions. None of the HvMTs responded to Cu
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deficiency in roots or shoots. MTs might not be as important for Cu uptake as the Cu
transporter proteins (COPTs), whose RNA is strongly induced under Cu deficiency. On
the other hand, MTs may function as a reservoir to store Cu within the cell and provide
Cu to Cu-requiring proteins or other targets. Under Cu deficient conditions, plants need
to increase the expression of Cu transporters in order to enhance Cu uptake from the soil.
There is no obvious reason for barley plants to increase the expression of MT genes
under Cu deficient conditions.
It is interesting that excess Cu up-regulates the expression of HvMT2a, HvMT2b,
and HvMT3 in roots. When Cu is taken up into root cells under Cu excess, plants reduce
the amount of Cu transported to the shoots by expressing the P-type ATPase HMA5, a Cu
efflux transporter that exports Cu out of the root symplast (Andres-Colas et al., 2006).
Meanwhile, plants may increase the production of metal binding proteins such as MTs to
bind the elevated Cu in the root cells, protecting the cells from Cu toxicity and limiting
the transport of excess Cu to the shoots.
Zn availability did not alter the expression of HvMT1a, HvMT2a, HvMT2b, or
HvMT3 in roots or shoots. However, I detected the induction of HvMT1c in roots under
Zn excess, suggesting that HvMT1c might trap Zn in root cells to protect them, and
reduce transport of excess Zn to the shoots. A similar function of this protein has been
proposed in rice. The type 1 MT gene OsMT1a is expressed predominantly in roots, and
less in seeds and flowers. Zn induces strong expression of OsMT1a in roots when rice
seedlings are exposed to high Zn for 24 hours (Yang et al., 2009). The similar responses
of HvMT1c and OsMT1a to Zn indicate that type 1 MTs may play a role in Zn
homeostasis.
4.4.4. Cu translocation in barley leaves and seeds
I found that Arabidopsis MT-deficient mutants accumulate high concentrations of
Cu in senescent leaves and less in seeds. This suggests that MTs are involved in metal
distribution in plant organs. In cereals, senescence is regulated at the level of the
individual leaf. Nutrients are mobilized from older leaves to younger leaves and finally to
the flag leaf, which is the main source of nutrients and photosynthate for the developing
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grain (Garnett and Graham, 2005; Wiedemuth et al., 2005). Results from the stable
isotope experiment in barley show that Cu concentration in flag leaves declines as the
leaves senesce, indicating some Cu is mobilized out of the leaves to other organs.
However, the Cu that is mobilized from senescent flag leaves does not provide the
majority of Cu that accumulates in seeds. Most Cu in seeds is acquired directly from
roots through the vascular system. Because these results are similar to those obtained
with Arabidopsis (Chapter 2), it may be appropriate to use Arabidopsis as a model to
predict the functions of MTs in barley.
Nutrient remobilization in plant tissues occurs through phloem. In wheat, Zn and
Ni are highly mobile in the phloem translocation stream while Mn appears to be poorly
mobile (Riesen and Feller, 2005). Mobility of Cu and Fe is intermediate between these
extremes (Kochian, 1991; Marschner, 1995). In wheat, translocation of Cu from mature
to younger leaves does not occur; however, it does occur during senescence when
proteins are degraded, thereby releasing Cu (Loneragan, 1981). It has been reported that
62% of total shoot Cu is remobilized to wheat grains (Garnett and Graham, 2005). In
field grown barley, Cu concentration in flag leaves peaks at heading and soft dough
stages (14 mg.Kg-1), then decreases continuously until harvest (9 mg.Kg-1), suggesting
mobilization of Cu out of the leaves (Birsin et al., 2009).
In cereals, most studies of nutrient mobilization have focused on what happens
after anthesis (Garnett and Graham, 2005; Gregersen et al., 2008). For my hydroponic
experiment, I switched the stable isotope solution from 65Cu enriched to natural Cu (70%
63

Cu) when the heads emerged from the boot before anthesis. It is possible that the plants

were switched too early because Cu was still loading into the flag leaves and the seeds
had not started to develop, Consequently, there was a higher ratio of

63

Cu in the flag

leaves. Nevertheless, I was able to detect remobilization of Cu from flag leaves during
senescence. Additional experiments will be required, including analysis of Cu
distribution in various leaves and stems before and after anthesis, in order to understand
the accumulation and distribution of Cu in barley plants.
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4.4.5. VIGS system to characterize function of metallothionein genes
In this research, I have demonstrated that the barley cultivar Steptoe can be an
effective host to use BSMV-VIGS to silence phytoene desaturase. Barley plants were
inoculated on leaf two. Photobleaching started on leaf four at 12 days after inoculation
and then the symptoms spread to all younger developing leaves. The virus also spread to
emerging tillers but bleaching was not as strong as in the first tillers. It has been reported
that PDS silencing is generally transient, with little or no photobleaching developing in
leaves after the onset of silencing. Photobleaching can also be reversible, with green
color returning to the bleached area (Bruun-Rasmussen et al., 2007). In my experiments,
photobleaching in Steptoe lasted until the leaves senesced (Figure 4.14A). Gene
expression analysis confirmed that suppression of PDS gene expression was consistent up
to 20 dpi, while plants inoculated with wild-type BSMV increased expression of PDS
(Figure 4.17). However, the BSMV symptoms and the extent of photobleaching varied
among individual plants in the same experimental set. It is possible that rub-inoculation
might be inconsistent, resulting in unequal amount of viral RNAs being transmitted into
the leaf of each plant. To reduce this variation within the same experimental set, it might
be necessary to increase the number of inoculated plants and select plants that show a
similar degree of photobleaching for further analysis. Furthermore, development of a
more consistent inoculation technique might improve the stability of VIGS silencing in
monocots. Photobleaching was not uniform across leaves. The emerging sink leaves
generally exhibit the symptom from the base to the middle of the leaves, with narrow
white strips parallel to the veins. In most cases, photobleaching is not observed at the tip
of the leaves. This could be explained by limited viral transmission via the vasculature.
While VIGS has become a popular system to silence genes in different pathways,
there are only few reports on the use of VIGS to silence genes involved in metal
homeostasis (Pacak et al., 2010). One concern is that physiological stress caused by viral
infection may affect metal homeostasis pathways that could confound the results. In this
study, BSMV infection had no effect on expression of PDS; however, it reduced
expression of HvMT3 (Figure 4.15), which is highly expressed in leaf tissues at all stages,
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This result indicates that BSMV might alter the expression of some genes involved in
metal homeostasis. Therefore, researchers should be aware that VIGS might not be a
suitable tool for functional analysis in all cases.
Silencing of HvMT1a was not successful in Steptoe. I did not detect downregulation of HvMT1a nor any alteration of metal accumulation in the leaves. However,
plants inoculated with BSMV::HvMT1a developed BSMV symptoms similar to
BSMV::00 inoculated plants, indicating that the virus had infected the plants but
silencing of the target gene was not effective. Stability of the insert fragments in the viral
genome has been widely discussed for VIGS. The length of these fragments might
influence silencing efficiency. In previous BSMV experiments in barley, silencing of the
PDS gene has been obtained using sequences ranging form 120 to 1215 nucleotides
(Holzberg et al., 2002; Scofield et al., 2005; Bruun-Rasmussen et al., 2007). The shortest
insert (128 nt) was the most stable, while instability increased with longer inserts (BruunRasmussen et al., 2007). MTs are small proteins and the coding regions in cDNA
sequences are approximately 180 to 240 nucleotides. There is little information available
on the best region of a transcript to target for effective silencing. For the BSMV vector
targeting HvMT1a, I selected a region from the middle of the gene to the 3’end including
the 3’UTR, a total of 230 nucleotides (Figure 4.16). Using smaller or larger fragments
could improve stability of the vector. It has also been reported that GC rich gene
fragments are more likely to induce VIGS because the plant Dicer-like proteins that
produce siRNAs from dsRNA show a preference for GC-rich regions (Ho et al., 2007).
However, silencing of genes involved in phosphate uptake in barley roots showed no
correlation between GC content and silencing. The successful HvIPS1 fragment had
41.8% GC whereas an unsuccessful fragment targeting HvPht1;1 had 58.1% (Pacak et
al., 2010). The fragment used for HvMT1a silencing has 45.6% GC content. In the cited
study of phosphate uptake genes, VIGS was successful in silencing three genes including
HvIPS1, HvPHR1 and HvPHO2, but silencing of HvPht1;1 and HvCel1 were ineffective.
In summary, there is no obvious explanation for the unsuccessful silencing of HvMT1a.
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Further experiments targeting other MT genes such as HvMT1c, HvMT2a and HvMT2b
should be performed to confirm the ability of the VIGS system to silence individual
members of this gene family.
In my Arabidopsis experiments, lacking just one MT resulted in no significant
alteration of metal accumulation in leaves, indicating that silencing of a single MT gene
may not be enough to produce this phenotype. Construction of a BSMV-VIGS vector to
silence several barley MT genes simultaneously might be able to alter Cu distribution in
leaves. Moreover, PDS silencing in Steptoe was able to reach the flag leaves, the last
leaves before spike development (Figure 4.14B) Therefore, the virus might also be
transmitted into and silence genes in developing barley seeds. If this was true, systematic
silencing of MT genes in leaves, stems and seeds might alter Cu accumulation in the
seeds as observed in Arabidopsis MT-deficient mutants. Although VIGS is widely used
for functional analysis, it should be used cautiously as it may not be effective for all
genes. Development of RNAi mutants may be necessary to characterize the function of
MT in monocots.
Photobleaching resulting from PDS silencing has been wildly used as a visible
marker for VIGS in both monocots and dicots. However, I detected a significant increase
of Cu, Zn, Fe and Mn in BSMV::PDS plants. This result demonstrates that silencing of
endogenous PDS alters the abundance of several nutrients in barley. Therefore, PDS may
not be a good control when studying genes involved in metal homeostasis. It has been
reported that reduction of PDS transcripts does not correlate with the appearance of
photobleaching. A significant reduction of PDS mRNA levels was observed 2 days
earlier than the first visual photobleaching (Bruun-Rasmussen et al., 2007). Since VIGS
silencing is transient, and in some cases expression of the target gene may quickly
recover, using phtobleaching as a marker to estimate the silencing of the target gene(s)
may be inaccurate. Recently, the green fluorescent protein (GFP) has been proposed as a
new marker for TRV-VIGS in Arabidopsis and tomato. Using a TMV vector containing
GFP and “gene-of-interest” fragments to infect transgenic plants that constitutively
express GFP, silencing of GFP can be observed under UV light (Burch-Smith et al.,
2006; Quadrana et al., 2011). PDS silencing causes dramatic effects on primary carbon
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and pigment metabolism in Arabidopsis leaves. In contrast, using VIGS targeted to GFP
expression should have no significant effects on metabolism (Quadrana et al., 2011). So
far, GFP has been used successfully as a VIGS marker only in dicot plants. The challenge
of using this marker for VIGS in barley is the production of transgenic plants that
constitutively express GFP because barley gene transformation is not routine.
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Figure 4.1. Amino acid sequence alignment of barley metallothionein proteins.
Four types of metallothioneins in Hordeum vulgare were identified from EST databases.
Cysteine residues are highlighted in red. Grey bars indicate the cysteine-rich regions.
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Figure 4.2. Phylogenetic tree of metallothioneins in angiosperm.
Unrooted dendrogram of MT proteins in barley, rice, maize, wheat, Arabidopsis and
poplar. Bar represents 0.1 amino acid substitutions per site. The accession numbers of
MT proteins are as follow: barley HvMT1a (AFK12205), HvMT1b (AFK12213),
HvMT1c (AFK122206), HvMT1d (CAD88268), HvMT2a (AFK12208), HvMT2b
(AEX32990), HvMT2c (AFK12210), HvMT3 (AFK12211) and HvMT4 (CAD88267);
rice OsMT1a (Os11g0704500), OsMT1b (Os01g0974200), OsMT2a (Os01g0149800),
OsMT2b (Os01g0974200), OsMT2c (Os05g0111300), OsMT3a (Os01g0200700),
OsMT3b (Os05g0202800), OsMT4a (Os12g0570700), OsMT4b (Os12g0568200),
OsMT4c (Os12g0571100) and OsMT-II-1a
(Os10g0542100); maize MaizeMT1
(P30571) and MaizeEC (P43401); wheat metallothioneins WheatMT1 (P43400) and
WheatEc-1 (P30569); Arabidopsis AtMT1a (At1g07600), AtMT1c (At1g07610),
AtMT2a (At3g09390), AtMT2b (At5g02380), AtMT3
(At3g15353), AtMT4a
(At2g42000) and AtMT4b (At2g23240); poplar PtdMT1a (AAT02522), PtdMT1b
(AAT02523), PtdMT2a (AAT02524), PtdMT2b (AAT02525), PtdMT3a (AAT02526)
and PtdMT3b (AAT02527). Accession numbers of barley and poplar MTs are
corresponded to EMBL database. Accession numbers of maize and wheat MTs are
corresponded to UniproKB database. Bar = 100 bp.
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Figure 4.3. Tissue specific expression of HvMT genes.
(A) RNA expression of HvMT1a, HvMT1c, HvMT2a, HvMT2b and HvMT3 in various
tissues of barley plants analyzed by quantitative real-time PCR. Expression of MT genes
was normalized with GAPDH and is presented on a log scale. Bars with letters in
common above them indicate values are not significantly different at the 95% confidence
level (n = 5). (B) heatmap diagram illustrates HvMT expression in various tissues based
on data in (A).
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Figure 4.4. Growth of barley plants under different Cu and Zn concentrations.
Ten-day-old barley plants grown in half-strength hydroponic solutions. (A) Plants grown
under -Cu, 0.25 (control), and 25 µM Cu. (B) Plants grown under -Zn, 2.5 (control), and
25 µM Zn. Bar = 5 cm.
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Figure 4.5. Cu deficiency symptom in barley plants.
Barley plants grown in hydroponic system under control conditions (0.5 µM CuSO4 ,
control) or without CuSO4 (-Cu) for 5 weeks.
(A) Flower development before anthesis. A normal floret under control condition is
shown on the left. Picture on the right shows abnormal carpel and anther under -Cu
condition. Bar = 0.5 cm.
(B) Inflorescence development. Under -Cu condition, florets from the middle to the tip of
the head failed to develop. Bar = 1 cm.
(C) Representative plants under control (control) and Cu deficient (-Cu) conditions.
Bar = 5 cm.
(D) Cu deficiency symptom in tillers. Bar = 5 cm.
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Figure 4.6. Zn deficiency symptom in barley plants.
Growth of barley plants at 3 weeks and 4 weeks under control conditions (5 µM ZnSO4,
control) or without ZnSO4 (-Zn). Bar = 5 cm.
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Figure 4.7. Root and shoot dry weights of 10-day-old barley plants grown under
different Cu and Zn concentrations.
Root and shoot dry weight of barley plants grown hydroponically under different Cu and
Zn concentrations. (A) Plants grown under -Cu, 0.25 (control), and 25 µM Cu. (B) Plants
grown under -Zn, 2.5 (control), and 25 µM Zn. The data presented are means ± SE of 8
biological replicates. Significant differences from the control condition were determined
by one-way ANOVA and are indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 4.8. Cu and Zn contents in 10-day-old barley plants grown under different
concentrations of Cu and Zn in the growth medium.
(A) Cu content in roots and shoots of plants grown under -Cu, 0.25 (control), and 25 µM
Cu. (B) Zn content in roots and shoots of plants grown under -Zn, 2.5 (control), and 25
µM Zn. Roots and shoots were harvested and analyzed for metal content by inductivelycoupled plasma mass spectroscopy (ICP-MS). The data presented are means ± SE of 6
biological replicates. Significant differences from the control conditions were determined
by one way ANOVA and are indicated by one (p<0.05) or two (p<0.01) asterisks. The
data are plotted on a log scale.
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Figure 4.9. Barley MT gene expression under different Cu concentrations.
RNA was extracted from shoots and roots of 10-day-old plants and subjected to
quantitative real-time PCR analysis. (A) and (B) show RNA expression in shoot and root
tissues, respectively. GAPDH and UBI. were used as reference genes for normalization.
The data presented are mean ± SE of 3 biological replicates. Significant differences from
control determined by one way ANOVA are indicated by one (p<0.05) or two (p<0.01)
asterisks. The data are plotted on a log scale. COPT5 was used as a marker gene for Cu
deficiency. n.d. = not detected.

170

Figure 4.10. Barley MT gene expression under different Zn concentrations.
RNA was extracted from shoots and roots of 10-day-old plants and subjected to
quantitative real-time PCR analysis. (A) and (B) show RNA expression in shoot and root
tissues, respectively. GAPDH and UBI were used as reference genes for normalization.
The data presented are mean ± SE of 3 biological replicates. Significant differences from
control determined by one way ANOVA are indicated by one (p<0.05) or two (p<0.01)
asterisks. The data are plotted on a log scale. ZIP3 and ZIP5 were used as marker genes
for Zn deficiency conditions. n.d. = not detected
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4.11. Cu content in young flag leaves, senescent flag leaves, and seeds of barley
plants.
Barley plants were grown hydroponically in 65Cu-enriched medium (97% 65Cu, 3%
63
Cu) for 4-5 weeks. When the inflorescence spike started to emerge, plants were
switched to medium containing natural Cu (70% 63Cu, 30% 65Cu). Plants were grown
under this condition until they completed their life cycle at 14 weeks. For the control,
plants were grown under natural Cu throughout their life cycle. Young flag leaves before
switching solution, and senescent leaves and mature seeds from 14-week-old plants were
harvested for metal analysis. The abundance of Cu isotopes was determined by ICP-MS.
The data presented are the mean ± SE of 5-6 biological replicates.
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Figure 4.12. Percentage of 63Cu stable isotope accumulated in young flag leaves,
senescent flag leaves, and seeds of barley plants.
Barley plants were grown hydroponically in 65Cu-enriched medium (97% 65Cu, 3%
63
Cu) for 4-5 weeks. When the inflorescence spike started to emerge, plants were
switched to medium containing natural Cu (70% 63Cu, 30% 65Cu). Plants were grown
under this condition until they complete their life cycle at 14 weeks. For the control,
plants were grown under natural Cu throughout their life cycle. Young flag leaves before
switching solution, and senescent leaves and dry seeds from 14-week-old plants were
harvested for metal analysis. The abundance of Cu isotopes was determined by ICP-MS.
The data presented are the mean ± SE of 5-6 biological replicates.
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Table 4.1. Cu isotope ratio in hydroponic solution.
% 63Cu

%65Cu

Week 1

3.4

96.6

Week 2

2.9

97.1

Week 3

2.7

97.3

Week 4

2.8

97.2

Week 5

66.7

33.3

Week 6

68.4

31.6

Week 7

68.4

31.6

Week
65

Cu-enriched medium

Natural Cu medium

Plants were grown in 65 Cu-enriched medium for 4 weeks and transferred to Natural Cu
medium for the rest of the life cycle. Hydroponic solution was collected from week 1 to
week 7 for metal ion analysis. The percentage of 63Cu and 65Cu was calculated from
actual ppm Cu obtained from standard curve of each isotope.
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Figure 4.13. Virus symptoms and PDS silencing phenotype in Hordeum vulgare
‘Steptoe’ at 15 days post inoculation.
Fully expanded second leaves of 16-day-old plants were inoculated with BSMV::00
(empty vector) and BSMV::PDS. (A) BSMV symptoms and photobleaching in barley
plants at 15 days post inoculation compared to mock inoculated plant. Bar = 5 cm. (B)
Virus symptoms and PDS silencing in leaf 4 at 15 days post inoculation. Bar = 5 cm.
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Figure 4.14. PDS silencing phenotype in 10-week-old Hordeum vulgare ‘Steptoe’.
Figures represent PDS phenotype during late development of barley plants. Fully
expanded second leaves of 16-day-old plants were inoculated with BSMV::PDS.
Silencing phenotype was observed in various leaves throughout the life cycle. (A)
photobleaching in barley plants at 10 weeks after germination. L3, L4 and L5 indicate
leaf 3, 4 and 5, of the first tiller. The virus symptom escapes from leaf 3 and starts to
appear from leaf 4 to flag leaf. Leaves of second tiller also show photobleaching but not
as strong as the first tiller. (B) Photobleaching in a flag leaf of a representative plant.
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Figure 4.15. RNA expression of MT genes and PDS gene in mock, BSMV::00 and
BSMV::PDS plants at 12 days post inoculation.
Fully expanded second leaves of 16-day-old plants were inoculated with mock,
BSMV::00 and BSMV::PDS. RNA was extracted from the fourth leaves at 12 days post
inoculation (dpi) and subjected to quantitative real-time PCR analysis. GAPDH and UBI
were used as reference genes for normalization. The data presented are mean ± SE of 4
biological replicates. Significant differences from mock determined by student’s t test
indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 4.16. Locations used for gene expression analysis and virus induced gene
silencing in HvMT1a.
Figure shows EST sequence of HvMT1a (Barley1_00777). Red arrow heads indicate
forward (Q-MT1aF) and reverse (Q-MT1aR) primers used for gene expression analysis.
Blue arrow heads indicate forward (VIGS-MT1aF) and reverse (VIGS-MT1aR) primers
used for producing VIGS construct. Start and stop codons are highlighted in yellow.
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Figure 4.17. RNA expression of HvMT1a and PDS genes in VIGS plants at 12 and 20
dpi.
(A) RNA expression of HvMT1a in BSMV::00 (control) and BSMV::MT1a plants.
(B) RNA expression of PDS gene in BSMV::00 (control) and BSMV::PDS plants.
Fully expanded second leaves of 16-day-old plants were inoculated with BSMV::00,
BSMV::MT1a and BSMV::PDS. RNA was extracted from the fourth leaves at 12 and 20
days post inoculation (dpi) and subjected to quantitative real-time PCR analysis. GAPDH
and UBI were used as reference genes for normalization. Expression of PDS was used as
a positive control in this experiment. The data presented are mean ± SE of 5 biological
replicates. Significant differences from BSMV::00 determined by student’s t test
indicated by one (p<0.05) or two (p<0.01) asterisks.
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Figure 4.18. Metal accumulation in BSMV:00, BSMV::MT1a and BSMV::PDS
plants.
Metal accumulation in fourth leaves of virus-inoculated plants. Fully expanded second
leaves of 16-day-old plants were inoculated with BSMV::00, BSMV::MT1a, and
BSMV::PDS. Fourth leaves were harvested at 12 and 20 days post inoculation (dpi).
Metal ion concentrations were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS). The data presented are mean ± SE of 5 biological replicates.
Significant differences from BSMV::00 determined by student’s t test indicated by one
(p<0.05) or two (p<0.01) asterisks.
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APPENDICES

Appendix A. Primers used for RT-PCR analysis in Arabidopsis.

Gene
(Gene ID)

Name

MT1a
At1g07600
MT1c
At1g07610
MT1c
At1g07610
MT2a
At3g09390
MT2b
At5g02380
MT3
At3g15353
ACT2/8
At3g18780/
At1g49240

W48
W49
W48
W49
W55
W56
103
104
W19
W20
42
43
36
37

cDNA
product
(bp)
255
246
186
266
537
230
453

Sequence (5’!3’)
GAGAAGTAAGAGAAATGGCA
GGCAGGTCTTTATTCCAAC
GAGAAGTAAGAGAAATGGCA
GGCAGGTCTTTATTCCAAC
CAGCATGGTCTCAAACCAAGGA
TACATATACTATTTATGATTTAGGTTACA
CTCTAAGCTTTCACTTGCAGGTGCAAGG
CTCTGGATCCATGTCTTGCTGTGGTGGA
GGCGCCTCGAGATCATCTTCATAAATCT
GGCGCGAATTCAGCAAGAAAGAAGCAAACT
CTCTGGATCCATGTCAAGCAACTGCGGA
CTCTAAGCTTTTAGTTGGGGCAGCAAGT
CATCATGGTGTCATGGTTGG
CATGAGGTAATCAGTAAGGTCACG
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Appendix B. Primers used for q-RT PCR analysis in Arabidopsis.
Gene
(Gene ID)
MT1a/MT1C
At1g07600/At1g07610
MT1c
At1g07610
MT2a
At3g09390
MT2b
At5g02380
MT3
At3g15353
ACT2
AT3g18780
ATX1
AT1g66240
CCS1
AT1g12520
COPT1
AT5g59030
COPT2
AT3g46900
CSD1
AT1g08830
FRO3
AT1g23020
FRO5
AT1g23020
FSD1
AT4g25100
HMA1
AT4g37270
HMA5
AT1g63440
HMA6 (PAA1)
AT4g33520
HMA7 (RAN1)
AT5g44790
IRT1
AT1g23020

Name

Sequence (5’!3’)

AtMT1acF
AtMT1acR
AtMT1cF
AtMT1cR
103
104
AtMT2bF
AtMT2bR-2
AtMT3F
AtMT3R
Q-ACT2F
Q-ACT2R
AtATX1F
AtATX1R
AtCCS1F
AtCCS1R
AtCOPT1F
AtCOPT1R
AtCOPT2F
AtCOPT2R
AtCSD1F
AtCSD1R
AtFRO3F
AtFRO3R
AtFRO5F
AtFRO5R
AtFSD1F
AtFSD1R
AtHMA1F
AtHMA1R
AtHMA5F
AtHMA5R
AtPAA1F
AtPAA1R
AtRAN1F
AtRAN1R
AtIRT1F
AtIRT1R

AGAGAAGTAAGAGAAATGGCAG
GTTTGATCCACAGCTACAGT
ATCAGCATGGTCTCAAACCAAGGA
ACAGCAGGAACAAGTCAAGCAAG
CTCTAAGCTTTCACTTGCAGGTGCAAGG
CTCTGGATCCATGTCTTGCTGTGGTGGA
AGCTGTGGTTGTGGATCTG
ACTTGCAGTCAGATCCGC
CTGTGCTGACAAGACCCAG
CAATTTGCGTTGTTCTCCTCG
TGCCAATCTACGAGGGTTTC
TCTCTTACAATTTCCCGCTCTG
TGAGGGATGTGTTGGAGCTGTGAA
CACGTTGCCTTTCACCGTCACTTT
AGCCAACTTTACCGGTTTGTCACC
CCAATGGCTCTGTGCCAGTTTGAT
GTTAATCCAAACCGCCGTGTA
GCCAGAGCGACGAGAAACAC
TTGGGGTAAGAACACGGAGGT
TGACACGTAGGATCGGTGAATG
CCCTGAGGATGCTAATCGACAT
TGGCAATCAGTGATTGTGAAGG
AAACGTTGACGCATTGTCTCC
GGTGAATTCCGGTAGCAACTG
TACCCAAAAGCAACCCTCCC
ATCATCACCCTCCCCATTCT
TGGAGCCGCATATGAGCAAACA
TTGCCTTCAAGCTCGGTTCCAA
TACAGCTGACCGAGGAAGCACATT
AACAGATCCTCTACATGCTGCGGT
AGCCCTAGAAAGAGCACACAAGGT
CAATGGCCTTTGCTAACGGATGCT
TTAATCTCACCACCGAGACGGCAA
GTTTGCAAGCGTCTCGCCTAAACT
TTTGATGCAAGCGCCATGCT
ATCGCTGTTGCTGGCGTAAGTT
CCCCGCAAATGATGTTACCTT
GGTATCGCAAGAGCTGTGCAT
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Appendix B. continued
Gene
(Gene ID)
YSL1
AT4g24120
YSL2
AT5g24380
YSL3
AT5g53550
ZIP2
AT5g59520
ZIP4
AT1g10970
UBC
AT5g25760

Name

Sequence (5’!3’)

AtYSL1F
AtYSL1R
AtYSL2F
AtYSL2R
AtYSL3F
AtYSL3R
AtZIP2F
AtZIP2R
AtZIP4F
AtZIP4R
AtUBCF
AtUBCR

TGTTGCTTGTTACGGCATCGCT
TCCAACCAAGGCCAGGTTCTTT
AAAGCGGCGCTCTTTGTGAT
AGGTTTGCGTAAGATGTCCCGT
TGGCGGCAAATCTCGTTAGGGATA
CCAACAAGAAACGGAACCGCCATT
TTGAGGGAATCGCCATTGGTCTCT
CCGCAAAGACCTTGTGCAACGATA
TCAGGCCTCTTATTGCAGCTCTGT
ATGGTGTGGTTAGCGCAAAGAAGC
AATGCTTGGAGTCCTGCTTGGA
TGAACCCTCTCACATCACCAGA
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Appendix C. Primers used for q-RT PCR analysis in Barley.
Gene
(EST ID)
MT1a
1
Barley1_00777
MT1c
1
Barley1_02422
MT2a
1
Barley1_00402
MT2b
1
Barley1_01456
MT3
1
Barley1_01383
UBI
2
M60175
GAPDH
1
Barley1_00149
ZIP3
2
FJ208991
ZIP5
2
FJ208992
COPT5
1
Barley1_20150
PDS
2
AY062039
1
2

Name

Sequence (5’!3’)

Q-HvMT1aF
Q-HvMT1aR
Q-HvMT1cF
Q-HvMT1cR
Q-MT2aF2
Q-MT2aR2
Q-MT2bF
Q-MT2bR
Q-MT3aF2
Q-MT3aR2
Q-UBIF
Q-UBIR
Q-GAPDHF
Q-GAPDHR
HvZIP3F
HvZIP3R
HvZIP5F
HvZIP5R
HvCOPT5F
HvCOPT5R
PDSF
PDSR

TGTACCCTGATCTGACCGAG
ACTTGCAGTTGTCGCCG
CGGCTCAAACTGCAACTG
CAGCCTCATCGGACTCG
CGAACCGAGGATGTCTTGCTG
GGCCTCAACCTCCGGGTA
GGATCCGGCTGCAAGTG
GCCACTCCCATGACGAG
TCCGATCACAAGCCAAGACA
TCTCGGTGTCAACCATGACG
CTCCAGTTCTACAAGGTCGAC
GTTGTAGACATAGGTGAGTCCG
CTCAAGGGTATCATGGGTTACG
TCAGAGCAATTCCAGCCTTAG
GTTCTAGAGCTGGGAATCTTGG
AGAATTGATGGAAGCTGAGGG
TCGAAGGAATAGGACTGGGAG
TCATCGTAAGTAGAGGCTATCCC
AGTAGGGAATCCGACGAG
CCGAACCACACCAAATCAATT
CAGCCGTTTTGATTTCCCAG
AGCAAACTTCACCTTCTCCG

Sequence ID from Plant Expression Database (PLEXdb)
Sequence ID from GenBank at NCBI
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Appendix D. Primers used for VIGS cloning.
Name

Sequence (5’!3’)

VIGS-MT1aF

ATGGCGCCTGAGAACAAGGC

VIGS-MT1aR

TTGGCCCACTCCATCAGATCATCA

pGammaF

TGATGATTCTTCTTCCGTTGC

pGammaR

TGGTTTCCAATTCAGGCATCG
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Appendix E. Tissue specific expression of Arabidopsis MT1a.

Electronic fluorescent pictographs (eFPs) for MT1a (At1g07600) in different organs over
various developemental stages. High expression levels are indicated by red color and no
expression is illustrated in yellow.
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Appendix F. Tissue specific expression of Arabidopsis MT2a.

Electronic fluorescent pictographs (eFPs) for MT2a (At3g09390) in different organs over
various developemental stages. High expression levels are indicated by red color and no
expression is illustrated in yellow.
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Appendix G. Tissue specific expression of Arabidopsis MT2b.

Electronic fluorescent pictographs (eFPs) for MT2b (At5g02380) in different organs over
various developemental stages. High expression levels are indicated by red color and no
expression is illustrated in yellow.
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Appendix H. Tissue specific expression of Arabidopsis MT3.

Electronic fluorescent pictographs (eFPs) for MT3 (At3g15353) in different organs over
various developemental stages. High expression levels are indicated by red color and no
expression is illustrated in yellow.
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